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ABSTRACT 


Pour  shear/tnermal  stability  pump  loop  experiments  were  conducted 
between  400°  and  600#F  with  XP- 1-0301  f luorosilicone .  This  fluid  is  reason* 
ably  stable  up  to  450  ®F,  will  form  solids  without  appreciable  property 
changes  at  500 °F,  and  will  undergo  physical  property  changes  wnen  used  at 
600 8F.  XP- 1-0301  satisfactorily  lubricated  an  aircraft- type  piston  pump 
at.  400#F  but  permitted  excessive  wecr  at  500°P. 

The  bulk  modulus  of  XP- 1-0301  was  determined  to  450 °P  and  10,000  pslg. 
In  general,  the  isothermal  secant  bulk  modulus  for  this  fluid  is  higher 
than  a  polymeria  perfluorinated  fluid  tnd  a  chlorinated  phenyl  methyl  sili¬ 
cone,  about  the  same  as  MLO-8200  disiloxane  and  a  phenyl  methyl  silicone, 
and  lower  than  the  bulk  moduli  of  petroleum  base  fluids,  an  ester  of  TMP,  a 
silane,  and  a  5P4E  pclyphenyl  ether. 

Comparative  four -ball  tests  were  run  at  400°F  with  XP- 1-0301,  a  poly¬ 
meric  perfluorinated  fluid,  a  deep  dewaxed  mineral  oil,  and  chlorinated 
and  unchlorinated  phenyl  methyl  silicones.  In  addition,  new  and  used 
fluids,  other  than  the  silicones,  w-jre  also  studied.  The  tests  indicated 
that  at  400 °F  the  XF-1-0301  fluid  will  have  lubricating  characteristics  sim¬ 
ilar  to  the  polymeric  perfluorinated  fluid  and  the  deep  dewaxed  mineral  oil 
and  superior  to  the  silicones.  There  wax;  no  great  difference  in  the  results 
of  the  test"  run  in  new  fluids  and  those  run  in  fluids  which  had  been  used 
in  pump  loop  experiments. 

Fabrication  of  a  high  vacuum  simulated  bearing  wear  rig  was  completed. 
This  rig  will  be  used  in  existing  vacuum  systems  to  evaluate,  primarily, 
solid  lubricants  to  1500°F. 

Pressure-viscosity  data  for  the  diester  bis( 2-ethyl  hexyl) sebacate 
were  determined  to  90,000  psig  at  100 °P  and  to  140,000  psig  at  210°?. 
Agreement  of  these  data  with  those  of  previous  investigators  is  good.  In 
addition,  the  viscosity  and  density  of  two  fluids,  a  5P4E  polyphenyl  ether 
and  a  chlorinated  phenyl  methyl  silicone,  were  determined  to  300 “P.  The 
maximum  pressure  of  the  work  with  the  polyphemyl  ether  was  70,000  psig  and 
the  maximum  pressure  of  the  work  with  the  silicone  was  90,000  psig.  Both 
fluids  became  too  viscous  for  higher  pressure  work. 

(This  abstract  i’’  subject  to  special,  export  controls  and  each  trans¬ 
mittal  to  foreign  governments  or  foreign  nationals  may  be  made  only  with 
prior  approval  of  Fluid  and  Lubricant  Materials  Branch,  MAUL,  Nonmetallic 
Materials  Division,  Air  Force  Materials  Laboratory,  Wright-Patterson  APB, 
Ohio  45433.) 
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I. 


INTRODUCTION 


Fluids  and  lubricants  which  are  potentially  superior  to  those  now  com¬ 
monly  used  in  high  performance  aircraft  are  being  studied  over  a  wide  range 
of  environmental  conditions  to  determine  the  effects  of  these  conditions  on 
their  properties  and  characteristics.  Knowledge  gained  as  a  result  of  these 
studies  can  be  used  to  aid  in  specifying  applications  or  in  the  further 
development  of  fluids  and  lubricants  to  meet  the  requirements  of  both  exist¬ 
ing  and  future  aircraft  and  aerospace  vehicles.  Overall  activities  on  this 
three-year  program  include  experimental  investigations  and/or  apparatus 
development  in  the  following  areas. 

1.  Shear  stability  of  experimental  fluids  at  elevated  temperatures; 

2.  Lubrication  behavior  of  hydraulic  fluids; 

3.  Bearing  lubrication  with  solid  film  lubricants; 

4.  Pressure-viscosity  phenomena; 

5.  Bulk  modulus  characteristics; 

6.  Rolling  and  sliding  friction  studies  of  fluids; 

7  .  Extreme  pressure  behavior  of  lubricants ; 

8.  Lubricity;  and 

9.  Design  and  development  of  a  550°F/5,000-psig  hydraulic  circuit 
and  a  high  vacuum  simulated  bearing  wear  rig. 

Project  activities  during  1968,  the  third  year  of  a  three-year  effort, 
included  work  in  the  following  areas: 

1.  Fluid  stability  and  lubricity  when  subjected  to  high  shear  stresses 
at  high  temperatures; 

2.  Bulk  modulus  measurements  at  high  temperatures  and  pressures; 

3.  Fluid  lubricity  studies  at  elevated  temperatures  in  four-ball 
equipment ; 
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4.  Development  and  check-out  of  a  high  vacuum  simulated  hearing  wear 
rig;  and 

5.  High  pressure  effects  on  the  viscosity  of  fluids; 

Results  of  these  activities  are  presented  in  the  remainder  of  this 
report . 


II. 


STABILITY  OF  FLUIDS  AT  EIEVATED  TEMPERATURES 


A.  Background 

Two  fluid  circuits,  the  "homogenizer  pump  stand"  and  the  "high  temp¬ 
erature  hydraulic  circuit,"  are  used  to  investigate  the  shear  and  thermal 
stability  of  fluids  at  elevated  temperatures .  The  configurations  of  these 
circuits  are  shown  schematically  in  Figures  1  and  2.  Each  system  has  a 
separate  and  distinct  purpose,  although  they  both  have  the  common  function 
of  evaluating  the  resistance  of  fluids  to  degradation  when  they  are  sheared 
at  high  temperatures .  Shearing  is  done  mechanically  in  both  circuits  by 
forcing  the  experimental  fluids  through  small  and  adjustable  constrictions 
in  splined  plug  valves.  As  the  fluids  flow  through  these  throttling  valves, 
the  pressure  drops  from  about  3,000  psig  to  about  100  psig.  Fluid  degrada¬ 
tion  is  judged  by  examining  samples  of  fluids  periodically  removed  from  the 
circuits  during  each  experiment  for  changes  in  (l)  flash  point,  (2)  fire 
point,  (3)  viscosity  at  100°  and  21C°F,  (4)  neutralization  number,  (5) 
molecular  structure  as  indicated  by  infrared  traces,  and  (6)  amount  of  in¬ 
solubles  removed  by  centrifuging. 

In  the  homogenizer  pump  stand,  fluids  are  pumped  at  about  5  gpm  at 
temperatures  as  high  as  800°F.  The  pump,  a  modified  Manton-Gaulin  homog¬ 
enizer,  is  capable  of  pumping  fluids  with  poor  lubricity.  The  circuit  in¬ 
cludes  (l)  a  440C  stainless  steel  lacquer  indicator  to  show  the  tendencies 
of  the  test  fluids  to  deposit  lacquer  or  other  materials  on  close-fitting 
metal  parts,  (2)  a  corrosion  indicator  to  give  a  measure  of  test  fluid  at¬ 
tack  of  materials  generally  used  in  aircraft  hydraulic  systems,  and  (3)  a 
filter  to  give  an  indication,  by  means  of  pressure  drop  measurements  and 
visual  examination,  of  the  sludging  tendencies  of  the  test  fluids.  Nor¬ 
mally,  experiments  in  the  homogenizer  pump  stand  are  rim  continuously  for 
100  br.  with  an  average  discharge  pressure  of  3,000  psig  from  the  three- 
piston  pump. 

If  a  fluid  is  not  appreciably  degraded  during  pump  stand  experiments, 
it  is  then  considered  as  a  candidate  for  experiments  in  the  high  temperature 
hydraulic  circuit.  Information  can  be  secured  on  fluid  stability  and  the 
ability  of  fluids  to  prevent  wear  in  various  configurations  of  metallic  con¬ 
tacts  in  the  hydraulic  pumps.  The  pumps  normally  used  in  this  circuit  are 
seven-piston  New  York  Air  Brake  Model  69W03006-2  aircraft -type  pumps  and  are 
generally  driven  at  3,750  rpm.  Fluids  used  in  this  circuit  must  be  capable 
of  lubricating  the  close-fitting  sliding  metal  contacts  in  these  pumps.  The 
pump  discharge  pressure  is  cycled  at  1-min.  intervals  from  about  2,700  psig, 
where  the  flow  is  approximately  9  gpm  and  maximum  driving  power  is  required. 
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Figure  1  -  Schematic  Diagram  of  the  Homogenizer  Pump  Stand 


Figure  2  -  Schematic  Diagram  of  the  High-Temperature  Hydraulic  Circuit 


to  about  3,000  psig,  where  a  minimum  flow  of  0.5  to  1.0  gpm  is  delivered 
by  these  pressure-compensated  pumps.  Experiments  in  this  high  temperature 
hydraulic  circuit  are  normally  run  continuously  for  50  hr.  at  400 °F,  50  hr. 
at  500°F,  and  50  hr.  at  each  50°F  temperature  increment  above  500®F  until 
the  fluid  degrades,  the  pump  fails,  or  the  procedure  is  altered.  The  pumps 
are  disassembled  and  inspected  initially  and  at  the  end  of  each  50-hr.  run. 
The  circuit  is  equipped  with  10-micron  filters  in  the  pump  inlet  and  pump 
discharge  lines.  Tendencies  of  the  fluids  to  form  sludge,  insolubles,  and/or 
permit  excessive  pump  wear  are  indicated  by  pressure  drop  measurements  across 
these  filters  and  by  visual  inspection. 

Four  pump  loop  experiments  were  run  with  XF-1-0301,  a  fluoro silicone. 
This  fluid,  manufactured  by  Dow  Corning,  is  based  on  a  t  r  i f  luo roi ropyl  methyl 
substituted  polysiloxane  containing  minor  additives  to  improve  boundary 
lubrication  performance.  The  resuits  of  these  investigations,  conducted  at 
400°,  450°,  500°  and  600°F,  indicated  that  the  XF-1-0301  fluid  (l)  is  rea¬ 
sonably  stable  to  450°F,  (2)  will  form  solids  at  500°F  without  appreciable 
changes  in  physical  properties,  and  (3)  will  suffer  decreases  in  viscosity 
and  flash  and  fire  points  and  an  increase  in  neutralization  number  at  600° F. 
No  gross  molecular  changes  occurred  during  any  of  the  experiments. 


B.  Homogenizer  Pump  Stand 

Two  experiments  were  conducted  in  the  homogenizer  pump  stand  circuit, 
shewn  schematically  in  Figure  1,  with  Dow  Corning  XF-1-0301,  Lot  No.  4. 

No  significant  change  in  fluid  pi’opertieo  occurred  as  a  result  of  pumping 
the  fluid  through  the  pump  stand  circuit  for  100  hr.  at  450°F.  However, 
some  shear  and/or  themal  degradation  of  the  XF-1-0301  test  fluid  was  in¬ 
dicated  during  a  58-hr.  run  at  600°F.  The  latter  evaluation  was  stopped 
short  of  the  planned  100-hr.  duration  because  the  pumping  rate  dropped 
below  the  sensitivity  threshold  of  the  flowmeter--less  than  0.6  gpm. 

1 •  Fluid:  Samples  of  the  XF-1-0301  test  fluid  were  removed  from  the 
pump  loop  periodically  while  the  experiments  were  in  progress.  Data  deter¬ 
mined  from  examinations  of  the  samples  are  listed  in  Tables  I  and  II.  These 
fluid  data  are  also  shown  graphically,  along  with  some  experiment  operating 
data  (pumping  rate  and  filter  pressure  drop),  on  Figures  3  through  8. 
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TABUS  I 


FLUID  DATA  FOR  THE  100-HR.  45Q°F  HOMOGENIZER 
PUMP  STAND  EXPERIMENT  WITH  DOW  CCRNING 
XF-1-0301 


Flash 

Fire 

Hours 

Viscosity  (cSt.) 

Point 

Point 

Neut.  No. 

Pumped 

1008F 

210°  F 

I!lL 

(mg  KOH/sa) 

Insolubles 

New 

26.85 

5.87 

450 

518 

<  0.01 

0 

26.23 

5.74 

450 

517 

tf 

- 

2 

25 .8'' 

5.69 

445 

512 

If 

- 

4 

25.65 

5.65 

447 

510 

If 

- 

6 

25.74 

5.61 

444 

510 

It 

- 

8 

25.58 

5.59 

447 

512 

tf 

- 

10 

25.56 

5.59 

448 

510 

It 

- 

25 

25.65 

5.60 

445 

512 

ft 

Trace 

50 

25.58 

5.57 

443 

510 

If 

Trace 

75 

25.10 

5.52 

445 

510 

II 

Trace 

100 

25.08 

5.52 

444 

509 

ft 

Trace 

Note: 

Viscosity, 

flash  and  fire  point,  and  neutralization  number 

determined 

in  accordance  with  ASTM  D445-65, 

D92-66, 

and  D664-58,  respectively. 

TAB  IE  II 

FLUID  DATA  FOR  THE  58' 

-HR.  600°F  HOMOGENIZER  PUMP  STAND 

EXPERIMENT  WITH  DOW  CORNING  XF-1-0301 

Flash 

Fire 

Hours 

Viscosity  (cStO 

Point 

Point 

Neut.  No. 

Pumped 

100°  F 

210°F  450° F 

(mg  KQH/gm) 

Insolubles 

Nev* 

26.85 

5.07  1.36 

450 

518 

0.01 

_ 

0 

26.05 

5.73  1.33 

445 

518 

0.05 

- 

2 

25.61 

5.70  1.32 

445 

515 

0.06 

- 

4 

25.18 

5.61  1.31 

430 

510 

0.08 

- 

6 

25.17 

5.61  1.32 

430 

505 

0.08 

- 

8 

24.99 

5.61  1.31 

425 

500 

0.08 

- 

10 

25.03 

5.56  1.32 

419 

495 

0.09 

- 

25 

24.32 

5.50  1.31 

390 

485 

0.13 

- 

35 

24.23 

5.41  1.31 

395 

490 

0.18 

Measurable 

45 

23.82 

5.45 

428 

480 

0.20 

Measurable 

50 

23.62 

5.42  - 

400 

482 

0.21 

Measurable 

58 

23.97 

5.45  - 

375 

480 

0.21 

Measurable 

Note:  Viscosity,  flash  and  fire  points,  and  neutralization  numbers  deter¬ 
mined  in  accordance  with  ASTM  D445-65,  D92-66,  and  D664-58,  respectively. 
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Figure  3  -  Effect  of  Pumping  Tine  at  450®F  on  Pushing  Rate 
and  Filter  Pressure  Drop  -  XF- 1-0301 


HOURS  PUMR1D 


Figure  4  -  Effect  of  Pumping  Time  at  450*F  on  Viscosity  -  XF-1-0301 


0  JO  40  «0  «Q  K)C 


HOURS  RRRtC 

Figure  £  -  Effect  cf  Pumping  Time-  at  4£0*F  on  Flash  Point  and 

Fire  Point  -  XF-1-0301 
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The  viscosity  of  the  test  fluid  decreased  as  both  experiments  progressed. 
During  the  100-hr.  run  at  450*F,  the  100*?  viscosity  dropped  from  26.85  cSt. 
for  new  XF-1-0301  fluid  to  25.08  cSt.  at  the  end  of  the  ruu  (6.6  percent  lose) 
and  during  the  58 -hr .  run  at  600° F,  the  100*F  viscosity  dropped  to  23.62 
cSt.  after  50  hr.  of  pumping  (12.0  percent  loss)  and  then  rose  to  23.97  cfit. 
at  the  end  of  the  run.  The  final  sample  cf  the  58-hr ./600*F  run  taken 
after  a  seal  ruptured  and  sene  new  fluid  from  the  reservoir  was  forced  into 
the  circuit.  The  210*F  viscosity  dropped  from  5.87  cSt.  for  new  fluid  to 
5.52  cSx.  after  100-hr.  of  pumping  at  450*F  (6.0  percent  loss)  and  to  5.45  cSt. 
after  58  hr.  of  pumping  at  600 *F  (7.2  percent  loss).  Because  of  the  un¬ 
explained  decrease  in  pumping  rate  during  the  £00 'F  run,  approximate  450* F 
viscosities  of  the  fluid  samples  from  this  run  vere  determined.  It  vas 
thought  that  a  large  decrease  in  viscosity  nay  have  occurred  and  permitted 
excessive  ping)  slippage.  The  viscosity  data  in  Table  II  do  not  indicate 
the  drop  in  pumping  rate  vas  caused  by  any  pe mane nt  viscosity  loss.  The 
viscosity  values  at  45J*F  listed  in  Table  II  should  not  be  considered  pre¬ 
cise  because  the  typical  viscosity  data  published  by  Dow  Corning  in  a  Sew 
Product  Information  Sheet  for  XF-1-0301  vere  used  in  establishing  •  i5C*P 
calibration  constant  for  the  capillary  viscometer  tube.  Viscosities  of  r._v 
fluid  published  by  Dow  Corning  (29.0  cSt.  at  100*F,  6.2  cSt.  at  210*F,  and 
1.45  cSt.  at  450*F )  were  compared  with  those  determined  by  MRI  for  new 
XF-1-0301,  Lot  Bo.  4  (26.85  cSt.  at  100*F  and  5.67  cSt.  at  210*F).  The  value 
of  1.36  cSt.  at  450* F  for  new  Lot  No.  4  test  fluid  vas  selected  as  being 
reasonable .  ’’’he  450°F  viscosity  of  the  test  fluid  decreased  to  1.3.  cSt. 
after  4  hr.  of  pumping  (3.7  percent  loss)  and  remained  fairly  constant 
thereafter.  Determinations  for  the  last  three  fluid  samples  (45-,  50- ,  and 
58-hr.)  were  not  attempted  at  450° F  because  of  the  influence  of  graphite 
debris  from  one  of  the  secondary  pump  piston  seals  in  the  samples. 

New  fluid  had  a  C0C  flash  point  of  450*F.  The  test  fluid  flash  point 
after  100  hr .  of  pumping  at  450* F  vas  444° F  (1.3  percent  loss)  and  after 
58  hr.  of  pimping  at  600*F  it  vas  375*F  (16.7  percent  loss).  New  fluid 
had  a  C07  fire  point  of  518*F.  The  test  fluid  fire  point  after  100  hr.  of 
pumping  at  450*F  vas  509*F  (1.7  percent  loss)  and  after  58  hr.  of  pumping 
at  o0G*F,  it  vas  480*F  (7.3  percent  loss).  Decreases  in  viscosity  and 
flash  and  fire  points  for  the  tve  experiments  with  XF-1-0301  are  summarized 
in  the  following  tabulation: 


Viscosity 

Flash 

Fire 

Test  Conditions 

100*  F 

210*  F 

Point 

Point 

100  hr.  at  450'F 

-£  .St 

-e.oi 

-1.3* 

-l-7* 

58  hr.  at  600*F 

-12.04 

-7  .2* 

-I6.lt 

-7.3* 
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Ibe  neutralization  number  of  new  fluid  is  about  0.01  ag  KOH/gm.  So 
appreciable  change  occurred  during  the  100  hr.  run  at  450*  F,  but  the  neu¬ 
tralization  mmfeer  gradually  rose  to  0.21  ag  KGH/jpa  after  56  hr.  of  pimping 
at  600* F. 

Twenty-ad  111  liter  portions  of  the  last  four  fluid  sasqU.es  froa  each 
experiment  were  centrifuged  for  1  hr.  on  a  5.9  cm.  mean  radius  arm  at  20,000 
rpn.  Only  a  small  trace  of  dark  colored  aaterial  was  found  in  each  of  the 
four  centrifuge  tubes  containing  fluid  from  the  100  hr/if 0*F  run.  The 
four  centrifuge  tubes  froa  the  56  hr/600*F  run  each  contained  about  the 
saae  amount  of  dark  colored  material— on  the  order  of  0.0063  gm/ml  of  fluid. 
It  is  probable  that  aost  of  this  mater? xl  case  from  the  disintegrating 
Grafoil*  »econdary  piston  seal  and  not  from  the  fluid. 

Infrared  spectral  traces  were  made  of  new  XF- 1-0 501,  Lot  No.  4  fluid 
as  installed  in  the  circuit  before  each  run  and  also  of  the  100- hr .  sample 
from  the  4bO*F  run  and.  the  56-hr.  sample  from  the  500 *F  run.  All  traces  are 
virtually  identical,  except  for  minor  differences  in  transmittance,  and 
Indicate  no  gross  molecular  changes  occurred  during  either  pump  loop  experi¬ 
ment. 


lev  ZF- 1-0301  is  clear  and  almost  cc'  rless.  Fluid  from  Lot  No.  4 
used  in  the  pump  stand  experiments  had  a  very  slight  yellow  cast.  The  first 
samples  from  the  100-hr.  run  at  450*F  appeared  the  same  as  new  fluid  but 
the  test  fluid  became  progressively  more  yellow-amber  and  slightly  cloudy 
as  pumping  continued.  The  100-hr.  sample  was  very  pale  amber  and  somewhat 
cloudy  although  it  remained  relatively  transparent.  During  the  58-hr .  run 
at  600* F,  the  test  fluid  changed  from  the  almost  colorless  appearance  of 
now  fluid  through  various  deepening  shades  of  yellow  to  opaque  black  after 
35  hr.  of  pusping.  The  presence  of  fine  graphite  particles  from  the  dis- 
lntegratii*  pump  plrton  secondary  seal  probably  caused  the  fluid  t c  become 
dark.  After  centrifuging,  the  fluid  in  the  centrifuge  t'Lbes  was  yellow-amber 
in  color  and  clear. 


2.  Corrosion  data:  Data  regarding  the  seven  types  of  metallic  wmsher- 
shaped  corrosion  specimens  are  summarized  in  Table  III  for  the  100  hr/ 450* F 
run  and  in  Table  IV  fer  the  58  hr/600*F  run.  Two  specimens  of  each  type  cf 
metal  r.re  mounted  in  the  corrosion  indicator  (location  shown  in  Figure  1) 
during  an  experiment.  Examination  of  the  specimen*  at  the  end  of  the  100-hr. 
run  at  450*F  (Table  III)  revealed  that  all  specimens  were  slightly  darkened, 
none  had  a  surface  texture  change,  all  the  steel  and  titanium  specimens 
gained  weight,  one  alumimai  specimen  gained  and  one  lost  weight,  and  the 
beryllium  copper  specimens  did  not  change  weight.  All  of  the  weight  changes 
were  small.  Exaaination  of  the  corrosion  specimens  from  the  56-hr.  run  at 
6T3*F  revealed  a  different,  almost  opposite  effect.  The  aluminum  specimen* 


*  Trade  name 


-  Carbon  Products  Division,  Union  Carbide  Ccrporatior 
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TABLE  III 


ft.  wk*  aE*Sl 


’  *>■ : 1  b  •!  •■*;*  » ;  +  j  Jjj  j  M:  ■  q^mh*.  ;om 


XF- 1-0301 


Material 


Spec.  Spec. 
No.  1  No.  2 


Change  in 
Color 


aearance 

Texture 


Aluminum,  2024-T4 

-0.063 

+0.063 

o.u 

Slightly 

Darkened 

No  Change 

M-l  Tool  steel 

+0.163 

+0.206 

+0.195 

Slightly 

Darkened 

No  Change 

Chrome  moly  steel,  4140 

+0.111 

+0.109 

+0.110 

Slightly 

Darkened 

no  Change 

102  Stainless  steel 

+0.152 

+0.067 

+0.120 

Slightly 

Darkened 

No  Change 

440  Stainless  steel 

+0.192 

+0.190 

+0.191 

Slightly 

Darkened 

Nc  Change 

Titanium,  SC  1303 

+C.151 

+0.153 

^Q.±52 

Slightly 

Darkened 

No  Change 

Beryllium  copper  QQ--C-53C 

0.0 

0.0 

0.0 

Slightly 

Darkened 

No  Change 

TABI£  IV 

CCRR0E1CN  DATA  FOR  THE  56-HR.  GOO^F  H0M0GEKIDEK 
Ri-iP  STAND  jL^SRggNT  WITH  3 Of  C GENING 
XF-i-0301 


Nfaterial  Nc  ■  1  No .  2  Avg.  Color  Texture 


Alumimrr.,  2024-14 

-v. .  647 

-0 . 1*. 

-0.40" 

SI 1 1 1  v  D  'rk- 

r.cd 

:k> 

Change 

V- 1  Tool  rtcri 

*0.114 

*0.023 

*0.069 

:ar'--purpl«‘  t 

,  *.♦ 

'in 

Charge 

Chrocar  aciy  s 1 

-C .067 

2  C 

-0.01- 

Oar:-  --purpl*'  * 

-  —  * 

•C 

Change 

101  Stainless  steel 

0.0 

0.0 

0  -  0 

Silently  Darke 

rod 

.'*o 

Change 

440  Stainless  steel 

+0.043 

•>  .*>. 

V  -  V 

m  ■‘>2^. 

Dark  --firplc  * 

* * 

Chang*’ 

Titanium,  SC  1305 

0.0 

-0.066 

-O'- 033 

Slight ly  Dark- 

red 

Tic 

Charge 

Beryl. ium  copper, 
QQ-C-S30 

*0.936 

♦C .764 

♦o.roc 

1  ark 

No 

Charge 

lost  an  appreciable  amount  of  weight  (0.41  mg/cm^  average)  and  the  beryllium 
copper  specimens  gained  a  considerable  amount  of  weight  (0.80  mg/cm1-  average). 
The  other  specimens  did  not  have  significant  weight  changes .  All  specimens 
were  darkened  and  all  steels,  except  302  stainless,  became  quite  dark  and  ex¬ 
hibited  a  purple  tint.  No  specimens  had  any  significant  surface  texture  change. 

3.  Lacquer  indicator:  The  lacquer  indicator  is  made  of  4400  stainless 
steel  and  consists  of  a  static  0.75  in.  diameter  piston  and  cylinder  having 

a  0.0002  to  0.0004  in.  diametral  clearance.  The  piston  has  three  lands,  0.312, 
0.500  and  0.025  in.  long,  separated  by  0.50  ~n.  long  relie  .d  sections. 

After  the  100-hr.  450°F  run,  the  piston  required  approximately  53-lb. 
force  to  break  it  loose  from  the  cylinder.  Once  motion  between  the  piston 
ard  cylinder  was  started,  less  than  1  lb.  of  force  was  required  to  remove  the 
piston.  There  was  no  evidence  of  lacquer  buildup  on  either  the  piston  or 
cylinder.  The  high  pressure  end  of  the  iacquer  indicator  contained  some 
graphite  material  from  the  secondary  piston  seals .  The  filter  removed  vir¬ 
tually  all  of  the  graphite  from  the  test  fluid  so  there  was  no  deposit  of  this 
material  in  the  low  pressure  side  of  the  indicator. 

After  the  58-hr.  600°F  run,  the  piston  required  approximately  430-lb. 
force  to  break  it  loose  from  the  cylinder.  Once  motion  between  the  piston 
and  cylinder  was  started,  20-  to  30-lb.  force  was  required  to  remove  the  pis¬ 
ton.  There  was  no  evidence  of  lacquer  buildup  on  either  the  piston  or 
cylinder  although  the  indicator  had  a  considerable  amount  of  black  material 
in  it  that  presumably  came  from  the  secondary  piston  seals.  Cleaning  of  the 
piston  and  cylinder  with  soft  cloths  restored  sufficient  clearance  for  the 
piston  to  fall  through  the  cylinder  without  external  force. 

4.  Filtex " :  The  pump  loop  is  equipped  with  a.  33-micrrn  filter  consisting 
of  12  discs  having  fine  outer  screens  serving  as  the  filtering  media.  The 
100-hr.  run  at  450°F  required  four  sets  of  filter  discs  because  the  Grafoil 
secondary  piston  seals  had  a  tendency  to  add  flakes  of  graphite  to  the  test 
fluid.  These  flakes  were  caught  by  the  filter  media  and  caused  excessive 
pressure  drops  to  develop  across  the  filter  assembly.  A  total  of  82.2  gm.  of 
graphite  was  removed  from  the  4  sets  of  filters.  One  side  of  the  last  set 

of  filter  discs  used  is  shown  in  Figure  9.  These  discs  were  in  the  circuit 
20  hr.  and  yielded  19.0  gm.  of  residue. 

One  set  of  filter  discs  was  used  during  the  58-hr.  600°F  run.  These  discs, 
shown  in  Figure  10,  had  29.5  gm.  of  residue  on  them.  The  residue  coating  was 
fairly  thick  and  would  have  caused  a  large  pressure  drop  across  the  filter 
assembly  if  the  flow  rate  had  not  declined  during  the  run. 

5.  Operation  of  experiments:  Operating  data  are  summarized  in  Table  V 
for  the  100  hr/450°F  run  and  in  Table  VI  for  the  58-hr/600°F  run. 
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Figure  9  -  Pun?)  Stand  Filter  Discs  After  Use  During  Final  20  Hr. 

of  100- Hr.  Experiment  at  450°F  With  XF- 1-0301 


Figure  10  -  Pump  Stand  Filter  Discs  After  58- Hr.  Experiment 

at  600°F  With  XF- 1-0301 
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TABLE  V 


OPERATING  DATA  FOR  THE  100-HB.  450* F  HOMOGENIZER 
PUMP  STAND  EXPERIMENT  WITH  DOW  CORNING 
xy- 1-0301 


Maximum  Minimum  Average* 


Duration  of  test  (hr.) 

Pumping  rate  (gpn) 

Reservoir  pressure  (psig) 

Pump  discharge  pressure  (psig) 
Pressure  before  filter  (psig) 
Pressure  after  filter  (psig) 

Filter  pressure  drop  (psi) 

Pressure  between  piston  seals  (psig) 
Temperatures  (®F): 

Before  throttling  valve 
After  throttling  valve 
Oven 

Shear  cycles** 

Fluid  composition  at  end  of  run  ($): 
Original  charge 
New  fluid  added 


- 

- 

100 

4.04 

3.68 

3.86 

60 

60 

60 

3,075 

2,950 

3,003 

425 

70 

164 

60 

55 

57 

366 

12 

127 

220 

100 

203 

450 

435 

444 

465 

450 

455 

320 

295 

307 

- 

- 

15,440 

. 

76.3 

- 

- 

23.7 

*  Average  of  66  readings  taken  at  least  1  hr.  apart. 

**  Total  fluid  quantity  pumped  divided  by  circuit  volume  of  approximately 
1.5  gal . 


TABIE  VI 


OPERATING  DATA  FOR  THE  56 -HR.  600°F  HOMOGENIZER 
PUMP  STAND  EXPERIMENT  WITH  DOW  CORNING  XF-1-0301 


Maximum  Minimum  Average* 


Duration  of  test  (hr.) 

- 

- 

58 

Pumping  rate  (gpm) 

3.53 

0.57 

2.55 

Reservoir  pressure  (psig) 

65 

60 

61.2 

Pump  discharge  pressure  (psig) 

3,000 

2,825 

2,979 

Pressure  before  filter  (psig) 

360 

70 

203.8 

Pressure  after  filter  (psig) 

60 

45 

53.4 

Filter  pressure  drop  (psi) 

305 

12 

150.2 

Pressure  between  piston  seals  (psig) 
Temperatures  (®F) 

250 

200 

229 

Before  tnrottling  valve 

593 

556 

583 

After  throttling  valve 

605 

575 

596 

Oven 

687 

590 

626 

Shear  cycles** 

Fluid  composition  at  end  of  run  ($)*** 

* 

5,916 

Original  charge 

New  fluid  added 

*  Average  of  40  readings  taken  at 

least  1  hr.  apart. 

60.7 

39.3 

**  Total  fluid  quantity  pumped  divided  by  circuit  volume  of  approximately 
1.5  gal. 

***  Composition  before  piston  seal  failure  at  end  of  run. 
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a.  100-hr.  Experiment  at  450*F:  During  the  450° F  run,  the  average 
test  fluid  temperature  before  the  throttling  valve  was  444* F  and  the  average 
temperature  after  the  throttling  valve,  on  the  low  pressure  side,  was  45S*F. 

The  pump  discharge  pressure  averaged  3,003  psig.  The  fluid  chargt  was  pumped 
around  the  closed  loop,  and  through  the  small  orifice  in  the  throttling  valv®, 
about  15,440  times. 

A  new  type  of  material  for  piston  secondary  seals  waa  used  for  this 
run.  These  seals,  Union  Carbide's  Grafoil,  contain  99.9  percent  graphite,  no 
resins  or  inorganic  fillers,  and  are  flexible.  These  seals  were  effective 
in  reducing  leakage  past  them,  in  this  run,  to  essentially  zero.  Approximately 
695  ml.  of  fluid  leaked  from  the  circuit  during  the  ICO- hr .  test  and  probably 
most  of  this  was  lost  through  minor  leaks  in  the  circuit  tubing  inside  the 
oven  and  then  vaporized.  It  is  estimated  that  the  test  fluid  at  the  end  of 
the  run  was  composed  of  76.3  percent  of  fluid  initially  placed  in  the  cir¬ 
cuit  and  23.7  percent  of  fluid  added  from  the  reservoir  during  the  run. 

The  Grafoil  piston  seals  exhibited  a  tendency  to  add  flakes  of 
graphite  to  the  test  fluid.  These  flakes  were  effectively  caught  by  the 
33-micron  circuit  filter  but  the  test  had  to  be  interrupted  three  times  to 
change  filter  discs — a  3-hr.  stop  after  28.25  hr.  of  pumping,  a  2-hr.  stop 
after  54.25  hr.  and  a  1.25-hr.  stop  after  80  hr. 

b.  58 -hr .  Experiment  at  600° F:  During  the  600°F  run  (Table  VI ), 
the  average  test  fluid  temperature  before  che  throttling  valve  was  583°F  and 
the  average  temperature  after  the  throttling  valve  was  596°F.  The  pump  dis¬ 
charge  pressure  averaged  2,979  psig  and  dropped  as  low  as  2,825  psig  because 
of  the  dec  easing  pumping  rate  while  the  system  was  operating  unattended. 

The  fluid  charge  was  pumped  around  the  closed  loop,  and  through  the  small 
orifice  in  the  throttling  valve,  about  5,900  times. 

The  pressure  drop  across  the  filter  was  12  psig  at  the  start  of 
the  experiment  when  the  pumping  rate  was  3.53  gpm.  The  pressure  drop  rose 
rapidly  to  305  psig  at  3.18  gpm  after  24  lir.  of  pumping  and  then  dropped 
almost  as  rapidly  to  60  psig  at  the  end  of  the  run  when  the  flow  rate  was 
somewhat  less  than  0.6  gpm.  (See  Figure  6.) 

The  reason  for  the  large  decrease  in  pumping  rate  during  the  eval¬ 
uation  is  unknown.  There  is  :o  question  that  the  flow  rate  did  decrease. 

Every  instrument  in  the  pump  st..nd  control  console  confirmed  this  fact.  The 
temperature  of  the  oven  containing  much  of  the  circuit  had  to  be  raised 
repeatedly  to  maintain  the  test  fluid  at  about  600*F,  the  size  of  the 
throttling  valve  orifice  was  decreased  41  times  during  the  evaluation  to 
keep  the  pump  discharge  pressure  at  about  3,000  psig.  the  pressure  drop 
across  the  filter  decreased  rapidly  during  the  last  34  hr.  of  the  run,  and 
the  flowmeter  indicated  the  flow  rate  was  decreasing.  Examination  after  the 
run  showed  that  all  filter  discs  were  well  loaded  (Figure  10 )  but  none  were 
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ruptured.  Inspection  of  the  pump  revealed  only  one  problem  -  a  considerable 
amount  of  one  of  the  Grafoil  secondary  piston  seals  had  eroded  and  the  loosened 
material  was  carried  away  by  the  test  fluid.  Defective  secondary  piston  seals 
would  influence  only  the  leakage  rate  and  not  the  pumping  rate.  The  pump 
valves  (inlet,  discharge  and  high  pressure  by-pass)  were  found  to  operate 
freely  and  to  be  in  good  condition.  After  the  eroded  pump  piston  secondary 
seal  was  replaced,  the  circuit  was  flushed  with  Stoddard  Solvent.  The  pump 
flow  rate  was  normal  at  about  5. 25  gpm.  Another  possible  cause  of  the  de¬ 
crease  in  punpiug  rate  could  be  a  large  temporary  viscosity  loss  of  the  test 
fluid  which  would  permit  excessive  leakage  past  the  ductile  iron  pump  primary 
seals.  It  is  not  likely  that  there  was  enough  permanent  viscosity  loss 
(Table  II)  to  cause  this  large  and  unprecedented  decrease  in  pumping  rate. 

There  is  only  slight  evidence  that  a  temporary  viscosity  loss  occurred.  Fluid 
leaking  past  the  primary  piston  seals  is  ducted,  through  a  needle  valve,  back 
to  the  pump  inlet.  The  pressure  up-stream  of  the  needle  valve  was  200  psig 
at  the  start  of  the  experiment  and  rose  at  nearly  a  constant  rate  to  250  psig 
at  the  end  of  the  58 -hr .  pumping  period.  No  adjustments  were  made  in  the 
needle  valve  during  this  period.  It  is  possible  debris  from  the  eroding 
secondary  seal  was  constricting  the  needle  valve  but  this  same  type  of  debris 
did  not  cause  any  rise  in  the  pressure  before  the  needle  valve  during  the 
100-hr .  run  at  450° F. 

Leakage  during  the  600° F  experiment  totaled  about  1,620  ml.  Most 
of  the  fluid  was  lost  through  the  Grafoil  secondary  piston  seals.  There  was 
virtually  no  leakage  during  the  early  part  of  the  run  but  the  leakage  at 
the  end  of  the  run,  although  erratic,  averaged  about  50  ml/hr. 

After  the  flow  rate  dropped  below  0.6  gpn  at  56  hr.,  the  decision 
was  made  to  either  increase  the  flow  rate  by  increasing  the  pressure  between 
the  pump  piston  primary  and  secondary  seals  or  to  terminate  the  run.  The 
pressure  was  increased  from  250  to  600  psig  by  decreasing  the  needle  valve 
orifice  xn  the  line  connecting  the  interseal  area  to  the  pump  inlet  line . 

There  was  no  indicated  increase  in  pump  flow  rate  but  the  pressure  increase 
was  sufficient  to  cause  <±  complete  failure  of  one  of  the  Grafoil  pump  second¬ 
ary  piston  seals  after  a  few  minutes  at  600  psig.  A  major  part  of  the  test 
fluid  charge  was  blown  out  through  this  broken  seal  in  the  few  seconds  re¬ 
quired  to  stop  the  pump  and  relieve  the  reservoir  pressure.  The  final  fluid 
sample  (58  hr.)  included  an  appreciable  ancunt  of  unworked  fluid  forced 
into  the  circuit  when  the  seal  failed. 


C .  High  Temperature  Hydraulic  Circuit 

Shf ar/thermal  stability  experiments  were  conducted  with  XT- 1-0501 ,  Let  5 
fluorosilicone  at  400*  and  500*F  in  the  high  temperature  hydraulic  circuit 
shown  in  Figure  2.  Tfce  test  fluid  was  not  appreciably  degraded  during  either 
run.  Flash  point,  fire  point  and  viscosity  of  the  test  fluid  decreased  o"'y 
a  relatively  srn.ll  amount  during  the  runs.  New  fluid  was  slightly  basic  but 
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became  essentially  neutral  as  pumping  time  increased.  The  pressure  drops 
across  the  filters  increased  only  slightly  during  the  400*F  run  but  in¬ 
creased  a  large  amount  during  the  500°F  run.  Examination  of  the  filters 
after  the  500*F  run  showed  they  were  covered  with  fine  black  material,  which 
probably  came  from  the  test  fluid  as  well  as  a  few  copper-colored  particles, 
which  came  from  the  pump. 

Both  experiments  were  conducted  with  the  same  pump  and  the  same  fluid. 

The  400°F  experiment  was  run  for  50  hr.,  the  pump  was  disassembled,  in¬ 
spected  and  reassembled;  then  the  500#F  experiment  was  run  for  30.45  hr. 

Conduct  of  both  experiments  was  almost  routine.  The  fluid  was  initially 
heated  to  400°F  by  using  the  environmental  chamber  heaters  and  by  operating 
the  NYAB  pump.  It  was  necessary  to  stop  the  pre-run  work  just  prior  to  the 
zero-hour  point  in  the  test  because  of  loss  of  end-clearance  in  one  of  the 
shafts  in  the  pump  drive  system.  Loading  of  the  pump  bearings  was  unaffected 
by  this  development.  Ore  of  the  couplings  in  the  pump  drive  system  was 
shortened,  the  test  fluid  was  heated  to  400°F  again,  and  the  first  run  was 
started.  A  10-min.  interruption  of  this  50-hr .  run  at  400°F  occurred  after 
5.73  hr.  of  pumping  because  of  a  defective  safety  interlock  switch.  The 
remainder  o*  the  400°F  run  proceeded  without  incident.  Inspection  of  the 
pump  between  the  40C'F  and  500°F  runs  showed  that  it  was  in  good  condition 
but  had  a  small  amount  of  copper -colored  material  smeared  onto  some  of  the 
rubbing  surfaces.  The  copper-colored  material,  probably  from  the  pump  bear¬ 
ings,  was  removed,  the  pump  was  reassembled,  and  the  500°F  run  was  started. 

This  run  > as  interrupted  after  7  hr.  of  pumping  to  permit  changing  of  a 
leaking  pump  shaft  seal.  The  run  was  again  stopped  after  30.45  hr.  of 
pumping  to  change  the  discs  in  both  filters  because  they  were  becoming 
plugged.  Inspection  of  the  pump  at  this  time  showed  that  the  piston  heads 
were  severely  worn  so  the  run  was  terminated. 

1.  Fluid:  Samples  of  the  XF -1-0301  fluorosilicone  test  fluid  were  re¬ 
moved  from  the  hydraulic  circuit  periodically  while  both  the  experiments  were 
in  progress.  Data  determined  from  examination  of  the  samples  are  listed  in 
Table  VII.  Viscosity,  flash  point,  and  fire  point  all  decreased  a  small  amount. 

The  decreases  in  viscosity  during  the  experiments  could  well  be  partially 
attributed  to  differences  in  gas  content  of  the  specimens  or  to  experimental 
variation.  The  100*F  viscosity  changed  from  29.11  cSt.  for  new  XF-1-0301  to 
26. 66  cSt .  after  the  50  hr/4G0*F  run  (1.55  percent  decrease)  and  then  to 
28.45  cSt .  after  the  30.45  hr/500*F  run  (2.27  percent  decrease  overall).  The 
210*F  viscosity  changed  from  6.24  cSt.  for  new  XF-1-0301  to  6.23  cSt.  after 
the  50  hr/400*F  rur.  (0.16  percent  decrease)  and  then  to  6.09  cSt.  after  the 
3o.45/'500*F  run  (2.40  percent  decrease  overall).  By  way  of  comparison,  the 
\ iscosity  of  the  XF-1-0301  (lot  4)  fluid  pumped  for  100  hr.  at  450*F  in  the 
hocxjgenizer  pump  stand  decreased  6.59  percent  at  100*F  and  5.96  percent  at 
210”F. 
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TABI£  VII 


FLUID  DATA  FOR  DOW  CORNING  XF- 1-0301  LOT  5  FLU0RC6 ILIC OWE 
AT  400° F  AMD  500°F  IN  THE  HIGH  TEMPERATURE  HYDRAULIC  CIRCUIT 


Fluid 

Flash 

Fire 

Temp. 

Hours 

Viscosity  (cSt. ) 

Point 

Point 

Neut.  No. 

m. 

Pumped 

100°  F 

210°  F 

1 

I!lL 

(mg  K0H/gm.) 

Insolubles 

New 

29.11 

6.24 

465 

523 

0.112* 

- 

400 

0 

29.13 

6.19 

452 

515 

0.004* 

- 

2 

29.31 

6.19 

440 

512 

0.004* 

- 

4 

?«.97 

6.16 

448 

512 

0.004* 

- 

6 

28.78 

6.17 

450 

512 

0.004* 

- 

8 

28.73 

6.17 

443 

510 

0.003* 

Trace 

10 

28.97 

6.30 

448 

512 

0.000 

Trace 

25 

28.93 

6.21 

452 

512 

0.000 

Trace 

50 

28.66 

6.23 

450 

510 

0.003** 

Trace 

500 

0 

29.28 

6.27 

450 

516 

0.000 

. 

2 

29.03 

6.12 

448 

515 

0.000 

- 

4 

28.76 

6.13 

450 

515 

0.000 

- 

6 

28.72 

,  6.14 

450 

516 

0.000 

- 

8 

28.78 

6.12 

451 

515 

0.000 

- 

10 

28.52 

6.15 

448 

515 

0.000 

Trace 

25 

28.33 

6.10 

448 

516 

0.000 

Trace 

30.45 

28.45 

6.09 

445 

515 

0.000 

Trace 

*  Fluid  basic. 
**  Fluid  acidic . 


Decreases  in  the  flash  and  fir*  points  were  also  relatively  small.  New 
XF-1-0301  ( Lot  5)  has  a  COC  flash  point  of  465*F  and  a  fire  point  of  523*F. 
After  the  50-hr/ 400 *F  run,  the  test  fluid  had  a  flash  point  of  450*F  (3.23 
percent  decrease)  and  a  fire  point  of  510*F  (2.49  percent  decrease).  After 
the  30.45-hr/500*F  run,  the  test  fluid  had  a  flash  point  of  445*F  (4.30 
percent  decrease  overall)  and  a  fire  point  of  515*F  (1.55  percent  decrease 
overall).  These  declines  in  flash  and  fire  points  are  not  large  enough  to 
be  considered  significant.  In  comparison,  during  the  100  hr/450*F  run  in 
the  homoge  niter  pump  stand  with  XF-1-0301  (lot  4),  the  flash  point  dropped 
1.35  percent  and  the  fire  point  dropped  1.75  percent. 
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New  XF-1-0301,  Lot  5  is  slightly  basic  and  has  an  equivalent  neutraliza¬ 
tion  number  of  0.112  mg  KOH/gm.  The  test  fluid  became  neutral  after  10  hr. 
of  pumping  at  4008F  and  remained  essentially  neutral  during  the  remainder 
of  the  400°F  run  and  during  the  500°F  run.  The  neutralization  numbers 
listed  on  Table  VII  are  quite  small. 

All  XF-1-0301  specimens  removed  from  the  high  temperature  hydraulic 
circuit  during  both  the  400°  and  500^  runs  contained  some  insoluble 
material  that  settled  to  the  bottom  of  the  glass  specimen  jars.  The  color 
of  these  insolubles  ranged  from  an  off-white  to  dark  brown.  There  was  no 
appreciable  difference  in  the  color  of  these  insolubles  as  the  pumping  time 
increased.  The  majority  of  this  material  was  fairly  light  in  color  and 
some  of  it  appeared  to  remain  suspended  in  several  of  the  fluid  samples  to 
give  them  a  slight  haze.  It  is  believed  these  insolubles  came  from  the 
fluid  and  may  well  have  been  precipitated  by  thermal  rather  than  shear 
effects  because  the  zero-hour  sample  of  the  400°F  run  had  appreciably  more 
of  the  insoluble  material  than  did  the  samples  taken  later  in  either  experi¬ 
ment. 


It  does  not  seem  likely  that  the  insolubles  in  the  XF-1-0301  came  from 
any  contaminants  in  the  pump  loop.  The  circuit  was  thoroughly  cleaned  prior 
to  the  XF-1-0301  runs  with  Freon  113  (DuPont  TF  solvent)  to  remove  the 
PR-143  polymeric  perfluorinated  fluid  previously  tested.  The  filters  and 
the  pump,  which  had  been  thoroughly  cleaned,  were  then  installed  and  the 
circuit  was  flushed  at  room  temperature  with  new  XF-1-0301  Lot  5.  This 
fluid  was  subsequently  drained  before  the  test  fluid  charge  of  XF-1-0301 
was  installed.  There  was  no  precipitate  on  the  bottom  of  the  glass  container 
used  to  store  the  flush  XF-1-0301  and  this  fluid  remained  clear.  The  traces 
of  insolubles  noted  in  Table  VII  were  centrifuged  from  10  gm.  of  each  of  the 
seven  fluid  samples  indicated.  The  centrifuge  was  operated  at  22,000  rpm 
for  1  hr.  on  a  5.9  cm.  mean  radius  arm.  Insolubles  on  the  bottom  of  each 
of  the  seven  centrifuge  tubes  varied  in  color  from  a  light  to  a  dark  tan. 

The  liquid  in  the  centrifuge  tubes  was  clear.  Fluid  samples  were  colorless 
for  the  first.  8  hr.  of  the  50  hr/400°F  run  but  all  samples  for  both  runs  taken 
after  the  8  hi',  point  in  the  400°F  run  had  a  yellow  tint.  There  was  no 
pronounced  specimen  color  difference  as  pumping  time  increased  beyond  the 
10  hr.  point  of  the  400°F  run.  All  specimens  remained  relatively  clear 
although  they  all  had  a  slight  haze  apparently  from  suspended  insolubles. 

As  noted  above,  the  zero-hour  specimen  for  the  50  hr/400°F  run  had  more 
insolubles  suspended  in  it  than  did  any  other  specimen.  In  general,  the 
haze  in  the  fluid  samples  decreased  as  pumping  time  increased.  This  decrease 
occurred  possibly  because  the  insolubles  were  becoming  caught  on  the  fil¬ 
ters  . 


Infrared  traces  were  made  of  new  XF-1-0301  Lot  5  and  the  final  fluid 
sample  from  each  experiment.  No  gross  molecular  changes  in  the  fluid  were 
indicated  by  the  infrared  traces . 
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2.  Puap;  The  pump  used  during  the  50-hr/400°F  and  30.45-hr/50G*F 
experiments  with  XF-1-0301  Lot  5  was  Model  69W03006-2,  Serial  No.  B2-13, 
manufactured  by  New  York  Air  Brake  Company.  The  manufacturer  normally 
runs -in  these  pumps  for  2  hr.  at  speeds  to  6200  rpm  with  MTL-L-7808  and 
then  flushes  and  fills  them  with  KIL-C-8188. 

The  pump  was  prepared  for  use  with  XF-1-0301  by  (l)  completely  dis¬ 
mantling  it,  (2)  cleaning  all  parts  in  benzene,  then  chloroform,  and  then 
acetone,  (3)  visually  inspecting  all  parts,  (4)  measuring  the  longitudinal 
movement  between  the  piston  heads  and  the  piston  bodies,  (5)  weighing  the 
piston  assemblies,  collars  and  sleeves,  (6)  cleaning  all  parts  again, 

(7)  reassembling  the  pump  with  new  Viton  "A"  seals  and  with  all  part?  liberally 
coated  with  XF-1-0301,  and  (8)  filling  the  pump  with  XF-1-0301  test  fluid. 

Inspections  of  the  pump  components  were  made  before  and  after  each  of 
the  two  runs  at  3,750  rpm  with  XF-1-0301.  An  initial  inspection  of  the 
new  pump  revealed  that  it  was  one  of  the  cleanest  new  pumps  of  this  type 
that  MRI  has  used.  The  only  noteworthy  irregularity  in  the  new  pump  was 
the  relatively  rough  appearance  of  part  of  the  piston  head  balls  of  two 
of  the  piston  heads.  These  balls  operate  in  a  socket  in  the  piston  bodies 
and  the  portion  that  can  be  seen  during  inspection  is  unloaded  when  a 
longitudinal  compressive  load  is  applied  to  the  piston.  All  piston  ball 
joints  operated  freely  when  rotated  and  rocked  while  under  a  compressive 
load. 


a.  *00* F  Experiment:  After  the  50-hr/4CO*F  run  with  XF-1-0301 
let  5,  inspection  of  the  pump  showed  that  it  was  still  in  very  good  condi¬ 
tion  but  that  a  small  amount  of  copper  alloy  material,  primarily  from  the 
piston  heads,  had  been  deposited  on  some  of  the  pump  surfaces.  There  were 
no  highly  polished  or  worn  areas  on  the  copper  alloy  thrust  bearing  to 
indicate  material  loss  from  this  bearing  but  the  piston  heads  were  changed 
in  that: 


(l)  The  central  portion  of  the  piston  heads,  defined  roughly 
by  the  radius  of  the  oil  grooves,  was  rather  dull.  These  surfaces  were 
highly  polished  when  the  pump  was  new. 


(2)  The  piston  bead  areas  beyond  the  oil  grooves  had  highly 
polished  bands  about  1/8  in.  wide  that  had  been,  when  the  pump  was  new, 
covered  with  the  random  light  scratches  normally  seen  on  new  piston  heads. 

(3)  The  remain!-':  of  the  piston  heads,  narrow  annular  rings 
near  the  O.D.  of  the  piston  heads,  were  bright  copper  in  color  and  rough. 


(4)  The  two 
when  the  pimip  was  new,  were 
been  before  the  experiment . 
was  still  smooth. 


piston  head  balls,  noted  to  have  been  rough 
still  rough  but  somewhat  smoother  than  they  had 
Operation  ’under  a  longitudinal  ccoprersive  load 
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Deposits  of  copper-colored  r&terial  were  noted  on  all  rubbing 
surfaces  of  the  camshaft,  6  of  the  7  collars,  the  nutating  plate,  and  the 
low  pressure  ends  of  the  cylinders  and  pistons.  All  deposits  were  very  thin 
and  were,  with  only  a  few  exceptions,  a  tarnished  copper  color.  Small  and 
bright  copper  deposits  were  noted  on  the  low  pressure  ends  of  the  pistons 
and  cylinders,  and  on  the  surface  of  the  camshaft  contacted  by  the  piston 
heads. 

During  the  pump  inspections  before  and  after  the  50-hr/400*F  run 
with  Xf -1-0501,  measurements  were  taken  of  some  of  the  pump  components. 

These  measurements  are  tabulated  on  Tables  VIII  to  XI.  Weight  changes  of  the 
piston  assemblies  (piston  head  plus  piston)  sire  listed  in  Table  VIII.  Ihree 
assemblies  gained  weight  and  four  lost  weight.  All  changes  were  0.0006  gm* 
or  less.  In  comparison,  the  average  piston  assembly  weight  loss  during 
a  similar  50-hr/400*F  experiment  with  a  deep  dewaxed  mineral  oil  was  0.0094  gm. 
The  reason  for  weight  gain  shown  by  some  of  the  piston  assemblies  listed 
in  Table  VIII  is  not  known,  but  it  is  possible  that  some  material  was  de¬ 
posited  on  the  interior  piston  surfaces  that  was  not  removed  by  solvent 
cleaning.  Judging  by  the  appearance  of  the  piston  heads,  all  of  them  lost 
some  weight  from  these  surfaces.  The  longitudinal  movement  between  the 
pistons  and  the  piston  heads,  listed  in  Table  IX,  increased  an  average  of 
0.0007  in.  per  piston.  This  increased  movement  could  have  been  caused 
either  by  material  loss  or  slight  deformation  of  the  ball  joint  material. 

The  collars,  which  slide  on  both  the  piston  and  the  nutating  plate, 
lost  an  average  of  0.0083  gjn.  as  shown  on  Table  X.  These  losses  are  about 
14  times  as  high  as  those  of  the  50-hr/400*F  de^p  dewaxed  mineral  oil  run 
and  about  8  times  as  high  as  those  of  a  l,000-hr/40C*F  run  with  the  poly¬ 
meric  perf luorinated  PR-143.  New  collars  usually  hav;  uniform  scratches 
in  the  spherical  portions  that  contact  the  pistons.  When  new,  and  after 
the  50- hr/ 400* F  run,  these  collars  were  al l  highly  polished  on  tKe  spherical 
surfaces . 

Six  of  the  seven  pump  sleeve  valves  gained  as  much  as  0.0011  gm. 
and  had  an  average  gain  of  0.0005  gm.  as  shown  in  Table  XI.  These  valves 
are  essentially  stationary  with  respect  to  the  pump  housing  and  the  pistons 
slide  through  them  for  the  entire  stroke.  Normally,  as  in  the  presen*  case, 
there  Is  very  little  weight  loss  from  these  components  and  often  there  is 
a  small  weight  gain  presumably  because  of  the  deposition  of  material  frcm 
the  test  fluid.  By  way  of  comparison,  tne  sleeves  from  the  50 - hr/ 400* F  run 
with  a  deep  dewaxed  mineral  oil  lost,  or  the  average,  about  0.0006  gm.  each 
and  the  sleeves  from  the  l,000-hr/400*F  run  with  PR-143  Lost  an  average  of 
about  0.0001  gm. 
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TABU  VIII 


H-HT  PISTCM  ASSEMBLY  WEIGHT  CHARGES  DURIHG  THE 

«00* ••7  AMD  500*7  B7ERD4PTS  WITH  X7-1-0301 


Cyllnler 

At 

After 

Change  - 

After 

Chai.ce  - 

Total 

-  *>• 

Received 

400*F  Run 

400T  Run 

500*1'  Run 

500*7-  Run 

Change 

1 

87.8036 

87.8041 

♦0.0006 

87 .7290 

-0.0751 

-0.0745 

n 

87 .8814 

07 .8611 

•0.0003 

87.7736 

-0.0875 

-0.0678 

i  3 

87.5608 

87.5823 

-0.0005 

87 .5245 

-0.0578 

-0.0583 

4 

88.0838 

88.0842 

♦0.0004 

88.0449 

-0.0493 

-0.0489 

S 

86.1112 

86.1108 

-0.0004 

88.0623 

-0.0485 

•0.0489 

c 

87.6159 

87.6158 

-0.0001 

87.5466 

-0.0692 

•0.0693 

7 

87.6575' ’ 

‘87.6581 

♦0.0006 

87.5838 

-0.0743 

-0.0737 

Total  CBange 

♦0.0003 

-0.4617 

-0.4614 

Average  Chance 

♦0.00004 

-0.0660 

-0.0659 

TABU  DC 


CHARGE  Dt  PUMP  LCBGITUDIHAI.  PISTCM  BALL  JOIWT 

mygcirr  sags  rm  *ooT  ahp  soot  gBM3L>mg^k£2ar 


Cylinder 

At 

After 

Change  - 

After 

Change  - 

Total 

*o. 

Received 

400*7  Run 

400*7  Run 

S00*7  Run 

SOOT  Run 

Change 

'  1 

0.0290 

0.0296 

♦0.0008 

0.0515 

<0.0019 

♦0.0025 

2 

0.0343 

0.0348 

♦0.0005 

0.0378 

♦0.0030 

♦0.0055 

3 

0.0348 

0.0348 

0.0 

0.0383 

♦0.0035 

♦0.0035 

4 

0.0394 

0.0406 

♦0.0012 

0.0443 

+0.0037 

♦0.0049 

5 

0.0240 

0.0245 

♦0.0005 

0.0255 

♦0.0010 

+0.0015 

6 

0.0296 

0.0288 

-0.0008 

0.0306 

♦0.0018 

♦0.0010 

7 

0.0314 

0.0344 

♦0.0030 

0.0360 

♦0.0016 

♦0.0046 

Total  Chance 

♦0.0050 

♦0.0165 

♦0.0215 

Average  Change 

♦0.000(7 

♦0.0024 

♦0.0031 

TABU  X 


PUMP  COLIAR  ancwr  CBABi3S  DURING  THE  400*7 
AND  SOOT  EXPOUUCmS  WITH  XT- 1-0301* 


Cylinder 

AS 

After 

Change  - 

After 

Change  - 

Total 

MO. 

Received 

400*7  Run 

400*7  Run 

500*7  Bun 

500*7  Run 

Change 

1 

5.6298 

5.6226 

-0.0072 

5.6157 

-0.0089 

-0.0161 

2 

5.7208 

5.7129 

-0.0079 

5.7006 

-0.0125 

-0.0202 

3 

5.7373 

5.7254 

-0.0119 

5.7161 

-0.0095 

-0.0212 

4 

5.4925 

5.4612 

-0.0115 

5.4702 

-0.0110 

-0.0223 

5 

5.6213 

5.6150 

-0.0063 

5.6054 

-0.0096 

-0.0159 

6 

5.6924 

5.6670 

-C.0C54 

5.6764 

-0.0066 

-0.0140 

7 

s.saas 

5.5605 

-0.0060 

5.5691 

-O.Q114 

-0.0194 

Total  Change 

-0.0580 

-0.0711 

-0.1291 

Average  Change 

-0.0083 

-0.0102 

-0.0184 

Cylinder 

BO. 

At 

Received 

TABU  XI 

PUMP  3IEEVE  WEIGHT  CHARGES  WJRIBO  THE  400*7  AHD 
500*7  EXPERDCBTS  WITH  X7-1-0501* 

After  Change  -  After 

400*7  Run  400*7  Run  500*7  Run 

Change  • 
500*7  Run 

Total 

Change 

1 

9.8274 

9.8281  . 

♦0.0007 

9.)2'>4 

-0.0007 

0.0 

2 

9.7779, 

9.7790 

♦0.0011 

9.7787 

-0.0003 

♦0.0008 

5 

9.7815 

9.7825 

♦0.0010 

9.7628 

+0.0005 

♦0.0013 

4 

10.3443 

10.3448 

♦0.0006 

10.3448 

0.0 

♦0.0005 

5 

9.8244 

9.8246 

♦0.0002 

9.8250 

+0.0004 

♦0.0006 

€ 

9.7622 

9.7619 

-0.0003 

9.7828 

♦0.0009 

+0.0006 

7 

9.8946 

9.8946 

♦0.0002 

9.8953 

+0.0005 

♦0.0007 

Total  Change 

♦0.0034 

+0.0011 

♦0.0045 

Average  Change 

♦0.0005 

♦0.0002 

♦0.0006 

•  All  weights  In  craw.  Pu*p  Be  rial  Bo.  R2-13. 

••  All  dtaeneloni  In  Inches.  Pnap  Serlnl  Bo.  B2-1.1. 
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The  component  weight  changes  and  the  increases  in  ball  joint 
movement  that  occurred  during  the  50- hr/ 400*F  run  with  XF-1-0301  fluorosilicone 
were  small  and,  with  the  exception  of  the  collars,  are  considered  normal. 

The  high  collar  weight  losses  could  be  indicative  of  a  problem.  However, 
both  the  collar  surfaces  and  the  piston  and  nutating  plate  surfaces  they 
contact  were  in  good  condition  and  showed  no  signs  of  excessive  wear.  It 
is  interesting  that,  after  the  experiment,  all  collar  surfaces  that  con¬ 
tacted  the  pistons  were  a  bright  copper  color  except  the  collar  that  ran 
against  the  piston  that  had  the  roughest  piston  head  ball.  This  collar  s'ir- 
face  was  polished  tut  metallic  silver  in  oolor.  The  copper-colored  material 
was  readily  removed  from  the  six  collars  with  assaoniuui  hydroxide. 

b.  500* F  Experiment:  Preparation  of  this  pump  for  use  at  500*F 
with  XF-1-0301  involved  only  three  operations;  removal  of  the  copper  deposits 
with  amnonium  hydroxide,  thorough  cleaning,  and  replacement  of  the  Vi ton  A 
seals  which  had  taken  a  permanent  set  but.  which  were  still  very  flexible. 

After  7  hr.  of  operation  at  500*F,  the  test  was  interrupted  be¬ 
came  the  purap  shaft  seal  leakage  was  on  the  order  of  50  ml/hr.  A  new  shaft 
seal  was  installed  and  the  test  was  continued  to  the  30.45  hr.  point  where 
it  was  ended  because  of  a  plugged  pump  inlet  filter  and  excessive  pump 
piston  head  wear  (Figure  11).  After  solvent  deeming,  the  piston  assemblies, 
collars,  and  sleeves  were  weighed  and  the  changes  in  the  longitudinal, 
movement  of  the  piston  head  ball  joints  were  measured .  These  data  are 
giver,  on  Tables  VIII  to  XI.  Although  the  changes  in  the  sleeve  weights 
were  minor,  the  accelerated  wear  indicated  by  the  other  measurements  is 
apparent.  One  comparison  of  pump  wear  during  the  30.45  hr/500*F  run  with 
XF-1-0301  can  be  made  by  referring  to  the  wear  data  from  the  50  hr/400*F 
run  with  this  same  fluid  also  tabulated  ir.  Tables  VIII  io  XI.  Another 
comparison  between  the  30.45  hr/500*F  rur.  with  XF-1-0301  fluorosilicone  and 
a  47  hr/500*F  run  with  MLO-60-294  deep  dewaxed  mineral  oil,  is  shown  in 
the  fallowing  listing: 


N~SW  YORK  AIR  BRAKE  PUK?  VEAR  AT  5Q0*F 

Average  Component  Weight  Charges  (gB.;  long-' *dinal  Ball 

Fluid  Piston  Assemblies  Collars  Sleeves  Joint  Movement  '  ln.^ 

XF-1-0301  -0.0660  -0.0102  *O.OOQ2  *0.0024 

KLQ-60-294  -0.0090  -0.0010  -0.0007  *0.0014 


The  relatively  ;c.pid  v«su  of  the  piston  assrme 
The  piston  assembly  weight  losses  were  obvious 


s  ad  collars  is  apparent  . 
primarily  - ran  tljc  copper 


alloy  piston  heads.  The  collar  weight  losses  sire  not  apparent  -  they  do 
net  look  worn.  The  parts  of  the  pistons  and  nutating  plate  that  operate 
against  the  hardened  steel  collars  also  do  not  appear  to  be  worn.  Apparently 
collar  wear  occurred  without  gross  damage  to  the  surfaces. 

Visual  inspection  of  the  pump  after  the  500°F  run  showed  four 
outstanding  features,  any  one  of  which  would  be  cause  for  stopping  the  run 
with  XF-1-0301:  (l)  all  pis  '  eals  were  badly  worn  and  rough  (Figure  ll), 

(2)  there  was  a  heavy  smear  o*  copper -colored  metal  on  the  camshaft  surface 
that  runs  against  the  piston  heads  (the  darker  area  of  Figure  12),  (3)  thin 
copper -colored  deposits  were  present  on  several  pump  components  including 
the  low  pressure  ends  of  the  pistons  and  cylinders  (Figure  13),  and  (4)  the 
pivot  and  nutating  plate  pivot  seat  (Figures  14  and  15)  exhibited  signs 
of  metal  displacement.  Figure  14  is  a  top  view  of  the  hemispherical  pivot, 
mounted  in  the  pump  cylinder  block,  showing  some  damage  at  the  center,  a 
groove  near  the  maximum  diameter,  and  relatively  minor  general  surface 
roughness.  Figure  15  shows  the  concave  spherical  seat  in  the  nutating 
plate  in  which  the  pivot  of  Figure  14  operated.  The  cause  of  the  rela¬ 
tively  deep,  and  unprecedented,  circular  depressions  in  the  nutating  plate 
pivot  seat  (Figure  15)  is  not  known.  It  is  not  believed  that  any  large 
pieces  of  hard  foreign  material  were  in  this  area  -  there  were  none  found 
in  the  circuit.  However,  a  theory  may  be  suggested.  The  excessive  wear 
of  the  piston  heads  allowed  a  large  end-clearance  to  develop.  This  large 
end-clearanc«  then  permitted  the  pivot  to  operate  eccentrically  in  the 
pivot  seat.  Abrasive  wear  particles  developed  from  this  operation  caused 
the  pivot  to  become  roughened,  especially  at  the  highly  loaded  center, 
which  resulted  in  the  wear  patterns  seen  in  the  pivot  seat  (Figure  15). 

The  groove  near  the  edge  of  the  pivot  could  have  been  caused  by  operation 
against  the  edge  between  the  ground  and  unground  portions  of  the  pivot 
seat . 


3.  Hxperiacntal  operation:  Operating  data  for  the  two  high  tempera¬ 
ture  hydraulic  circuit  experiments  with  XF-1-0301  f lucres ilicor.e  are 
summarized  in  Table  XII.  The  pump  compensator  was  set  at  the  mid-point  of 
its  adjustable  range  during  both  runs . 

The  general  warm-up  procedure  followed  prior  to  both  runs  consists 
of  preheating  the  test  fluid  to  about  125°F  by  using  the  environmental 
chamber  heaters,  starting  the  pump,  and  then  bringing  it  up  to  500  rpm 
within  about  1  min.  The  pump  is  operated  at  500  rpm  for  10  tc  15  min.  with 
no  restrictions  in  the  circuit  while  the  circuit  and  instrumentation  are 
checked.  The  pump  speed  is  then  increased  in  200-rpm  increments  to  3,750  rpm 
during  the  next  45  rain.  At  this  point,  the  pump  discharge  pressure  was 
about  35C  psig  with  XF-1-0301  and  the  fluid  temperature  was  about  250°F. 
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Pressure  End  of  One  Pump  Cylinder  After  the  30.45  Hr.  Run  at  500°F  with  XF- 1-0301 


Figure  14  -  Pump  Nutating  Plate  Pivot  After  the  30.45  Hr.  Run 

at  500  °F  with  XF- 1-0301 


Figure  15  -  Puiap  Nutating  Plate  Pivot  Seat  After  the  30.45  Hr. 

Run  at  500°F  with  XF- 1-0301 


28 


TABIZ  XII 


OPERATING  DATA  FOR  400*  F  AND  500°  F  HIGH  TEMPERATURE  HYDRAULIC 


CIRCUIT  EXPERIMENTS  WITH  DOW  CORNING  XF- 

-1-0301 

LOT  5  FLUQRQ6ILIC0NE 

Maximum 

Minimum 

Averi 

ifil- 

400 

500 

400 

500 

400 

500 

Nominal  fluid  temperature  (°F) 

Duration  of  experiment  (hr.) 

- 

- 

- 

- 

50 

30.45 

Nominal  pump  speed  (rpm) 

- 

- 

- 

- 

3,750 

3,750 

Pumping  rate  (gpm) 

At  maximum  flow 

8.52 

8.23 

8.43 

8.14 

8.48 

8.22 

At  minimum  flow 

1.02 

1.07 

1.02 

1.02 

1.02 

1.06 

Shear  cycles* ** 

- 

- 

- 

- 

7,917 

4,712 

Reservoir  pressure  (psig) 

Initial 

- 

- 

- 

- 

65 

61 

Final 

- 

- 

- 

- 

65 

92 

Pump  inlet  pressure,  initial  (psig) 

At  maximum  flow 

- 

- 

- 

- 

45 

45 

At  minimum  flow 

- 

- 

- 

- 

60 

58 

Pump  inlet  pressure,  final  (psig) 

At  maximum  flow 

- 

- 

- 

- 

43 

32 

At  minimum  flow 

- 

- 

- 

- 

60 

83 

Pump  discharge  pressure  (psig) 

At  maximum  flow 

2,625 

2,625 

2,550 

2,530 

2,588 

2,580 

At  minimum  flow 

2,920 

2,920 

2,900 

2,810 

2,906 

2,866 

Inlet  filter  AP  at  maximum  flow 

(psi) 

Initial 

- 

- 

- 

- 

20 

16 

Final 

- 

- 

- 

- 

22 

60 

Temperatures  (°F) 

Pump  case 

385 

473 

363 

447 

369 

465 

Pump  inlet 

4C4 

** 

381 

*# 

384 

*-* 

Pump  discharge 

415 

503 

389 

483 

395 

498 

After  throttling  valve 

415 

504 

399 

485 

402 

500 

Cven  air 

255 

279 

233 

252 

236 

271 

Shaft  seal  leakage  (ml.) 

- 

- 

- 

- 

93 

336 

Initial  charge  remaining  in  circuit 

(*)* 

- 

- 

- 

- 

82.8 

66. 

*  Based  on  circuit  volume  of  approximately  1.0  gal. 

**  Thermocouple  inoperative • 


29 


The  discharge  pressure  is  then  increased  to  2,000  psig  during  the 
next  10  min.  and  held  there  until  the  test  fluid  reaches  the  test  tem¬ 
perature.  The  test  fluid  is  ueld  at  the  test  temperature  while  the  com¬ 
pensator  is  checked  for  roughly  the  next  20  min.  During  the  compensator 
check,  the  pump  discharge  pressure  is  raised  to  about  2,900  or  3,000  psig 
and  the  flow  rate  is  dropped  to  about  1  gpn.  If  all  parts  of  the  circuit 
are  operating  satisfactorily,  the  cycling  device  on  the  throttling  valve 
is  started  and  the  zero-hour  test  data  are  recorded.  The  compensator  check 
is  normally  repeated  at  the  end  of  a  test  run  to  get  information  regarding 
gross  changes  in  pump  condition.  Data  generated  during  compensator  checks 
before  and  after  the  400 *F  run  are  given  in  Figure  16.  No  check  was  made 
vher  the  500* F  run  was  stopped  at  the  30. 45 -hr.  point  because  of  the  prob¬ 
lem  with  the  pump  inlet  filter  pres sure -drop.  The  data  represented  by 
Figure  16  indicate  that  the  pump  was  not  impaired  by  the  50  hr.  of  operation 
at  400 *F  with  XF-1-0301. 

a.  Fifty-hour  experiment  at  400* F:  Operating  data  for  the  50 -hr/ 
400"F  experiment  with  XF-1-0301  fluorosilicone  a. a  sumnarized  in  Table  XII. 

The  pump  discharge  conditions  were  cycled  each  minute  between  roughly 
2590  psig  at  8.5  gpm  and  2900  psig  at  1.0  gpo.  The  highest  average  fluid 
temperature  was  402°F  which  existed  after  the  fluid  was  forced  through  the 
splined  plug  throttling  valve.  The  highest  fluid  temperature  that  existed 
at  any  time  was  415*F.  This  condition  occurred  for  a  few  minutes  while  the 
pump  compensator  was  being  checked  just  before  the  run  was  started.  The 
maximum  test  fluid  temperature  was  dropped  to  400°F  shortly  after  the  test 
started  and  was  held  below  405*F  for  the  remainder  of  the  run. 

The  pressure  drop  between  the  reservoir  and  the  pump  inlet,  which 
includes  the  large  drop  through  the  pump  inlet  filter,  increased  only 
2  psig  during  the  50-hr.  run.  Apparently  few  particles  from  the  pump  or 
the  fluid  were  being  formed  and  then  stopped  by  this  10-micron  filter. 

Only  two  minor  operating  problems  occurred.  After  2.33  hr.  of 
initial  circuit  warm-up  operation,  end-clearance  on  the  shaft  between  the 
pump  and  its  drive  motor  vent  to  zero.  The  pump  bearings  were  not  loaded 
because  of  this  shaft  length  increase.  The  load  was  taken  by  the  pump  mount¬ 
ing  plate.  The  length  of  one  of  the  couplings  was  reduced  and  the  run  was 
started  after  another  1.55  hr.  of  warm-up  operation.  The  second  problem 
occurred  after  5.73  hr.  of  400*F  operation.  A  faulty  interlock  switch 
opened  and  stopped  the  pun.  drive  motor.  The  pump  was  restarted  within  2  min. 
and  the  test  conditions  were  reestablished  8  min.  after  the  pump  was  re¬ 
started. 


b.  30.45-Hour  experiment  at  500* F:  Principal  operating  variables 
of  the  30.45-hr/500*F  run  with  XF-1-0301  are  summarized  in  Table  XII.  The 
lower  maximum  flow  rate  of  the  500*F  run,  compared  with  me  400°F  run,  could 
be  expected  because  of  the  increased  pump  slippage  with  the  lover  viscosity 
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DRIVE  MOTOR  CURRENT  -  DC  AMPS 


Figure  16  -  Variation  of  Passping  Rate  and  Drive  Me* or  Current  With  Pump 
Discharge  Pressure  Before  ar.d  After  the  50  Hr/400*F 
Experiment  vith  XF-1-0301  Fluorosilicone 
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fluid  and  because  of  the  decreased  bulk  modulus .  The  most  significant 
information  shown  in  Table  XII  is  the  filter  pressure  drop  increase 
at  maximum  flow  from  16  psi  at  the  start  of  the  run  to  60  psi  after  30.45 
hr.  of  pumping  at  500aF.  Visual  examination  showed  that  both  the  pump 
discharge  and  inlet  filters  were  covered  with  a  thin  layer  of  fine  black 
particles  with  only  a  few  small  copper-colored  particles.  It  is  believed 
that  the  black  material  came  from  the  fluid  and  the  copper -colored  material 
came  primarily  from  the  pump  piston  heads.  As  noted  above,  the  pressure 
drop  across  the  pump  inlet  filter  increased  only  2  psi  during  the  50-hr/ 

400 *F  run  with  XF- 1-0301 .  The  filters  were  not  removed  from  the  circuit 
between  the  400*  and  500°F  tests  because  pressure  drop  measurements  in¬ 
dicated  they  were  still  reasonably  clean.  At  maximum  pumping  rate,  the 
pressure  drops  between  the  reservoir  and  the  pump  inlet,  which  includes 
tubing  containing  the  pump  inlet  filter,  was  22  psi  at  the  end  of  the  400°F 
run  and  16  psi  at  the  beginning  of  the  500°F  run.  The  AP  decrease  occurred 
because  of  the  viscosity  decrease  with  temperature  increase. 


III.  ISOTHERMAL  BULK  MODULUS  OF  EXPERIMENTAL  FLUIDS 


A.  Background 

As  the  maximum  temperature  and  pressure  limits  of  new  hydraulic  systems 
are  increased,  the  bulk  moduli  of  hydraulic  fluids  assume  an  increasingly 
important  role .  The  apparatus  shown  schematically  in  Figure  17  has  been 
used  to  determine  isothermal  bulk  modulus  values  for  a  number  of  high- 
temperature  hydraulic  fluid  candidates . 

Bulk  modulus  is  a  measure  of  the  compressibility,  or  elasticity,  of 
a  fluid.  Isothermal  secant  bulk  modulus  (B>j)  is  defined  as 


Bt  = 


T 


where  AP  =  total  change  in  fluid  pressure, 

AV  =  total  change  in  fluid  volume,  and 
VQ  =  initial  fluid  volume. 

This  value  of  ,  determined  at  constant  temperature,  is  an  average  or 
mean  value  over  a  pressure  range.  If  equipment  is  operating  in  a  very 
narrow  pressure  range  or  essentially  at  a  constant  pressure,  the  tangent 
bulk  modulus  is  more  applicable.  The  definition  of  the  isothermal  tangent 
bulk  modulus  (Bj)  is 


where  V  =  fluid  volume  under  compression,  and 
dP 

—  =  change  of  fluid  pressure  with  respect  to  fluid  volume  at 
°'f  constant  temperature. 

The  bulk  modulus  apparatus  has  been  previously  used  at  temperatures 
to  7508F  and  pressures  to  10,000  psig  in  determining  the  isothermal  bulk 
moduli  of  (l)  a  deep  dewaxed  mineral  oil  (ML0-60-294) ,  (2)  a  phenyl  methyl 
silicone  (QF-258),  (3)  a  chlorinated  phenyl  methyl  silicone  (MLO-56-843) , 

(4)  hexa-2-ethylbutoxydisiloxane  (ML0-8200) ,  (5)  an  ester  of  TMP  (ML0-60-50) 
(6)  di-phenyl -di-n-dodecyl  silane  (MLO-57-637),  (7)  bis-(phenoxyphenoxy) 
benzene  (ML0-59-692) ,  (8)  a  petroleum  base  hydraulic  fluid  (MIL-H-5606A), 
and  a  polymeric  perfluorinated  fluid  (PR-143AC).  Data  for  the  first  seven 
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fluids  were  reported  in  ML-TDR-64-12,  Part  I  (Ref.  l);  data  for  MIIi-H-5606A 
were  reported  in  ML-TDR-64-12,  Part  II  (Ref.  2);  and  data  for  PR-143AC  were 
reported  in  AFML-TR-67-8,  Part  I  (Ref.  3). 

In  order  to  aid  in  the  reduction  of  the  experimental  data  to  bulk 
modulus  values,  a  computer  program  was  written.  The  output  of  the  program 
yields  both  isothermal  secant  and  isothermal  tangent  bulk  moduli  as  well 
as  the  standard  error  (sj^)  for  each  secant  bulk  modulus  calculated.  The 
computer  is  programmed  to  include  all  data  points  and  produce  the  best 
values  for  the  entire  set  of  data  without  placing  undue  emphasis  on  single 
data  points.  Further  descriptions  of  the  apparatus  and  methods  of  opera¬ 
tion  and  data  reduction  can  be  found  in  WADD-TR- 60-855,  Part  III  (Ref.  4), 
in  ASD-TR-63-539  (Ref.  5)  and  in  (Ref.  6). 


B.  Isothermal  Bulk  Modulus  of  XF-1-0301 


The  fluoro silicone  fluid  XF-1-0301  is  manufactured  by  Dow  Corning 
Corporation  and  is  based  on  a  trifluoropropyl  methyl  substituted  poly- 
siloxane  with  minor  additives  to  improve  boundary  lubrication  performance . 
Isothermal  bulk  modulus  values  for  XF-1-0301,  Lot  No.  4,  were  measured 
at  roughly  100°,  200°,  300°,  400°,  and  450°F  and  at  pressures,  in  1,000  psi 
increments,  between  1,000  and  10,000  psig.  At  least  three  replications  of 
each  data  point  were  made.  All  data  (164  values)  were  supplied  to  the 
computer  program  for  reduction. 

Density  data  for  XF-1-0301  required  in  the  computer  program  were 
measured  and  are  listed  in  Table  XIII.  The  density  was  determined  in  two 
different  types  of  specific  gravity  bottles  (Hubbard  and  Gay-Lussac) 
mounted  in  a  common  holder  and  immersed  in  a  phenyl  methyl  silicone  bath 
almost  up  to  the  ground  glass  joints  between  the  bottles  and  the  bottle 
tops.  These  bottles  have  small  holes  in  their  tops  to  allow  the  expanding 
fluid  to  escape.  Density  data  were  calculated  from  the  known  volume  of 
the  bottles,  corrected  for  temperature,  and  the  weight  of  the  fluid  they 
contained  at  specific  temperatures. 
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TABLE  XIII 


DENSITY 

OF  XF-1-0301  AT  ONE 

ATMOSPHERE 

AS 

e  FUNCTION  OF  TEMPERATURE 

Density,  gm/ml 

iperature 

Hubbard 

Bottle 

Gay-Lussac 

Bottle 

Difference 

Average 

76 

1.142 

1.140 

0.002 

1.141 

ICO 

1.134 

1.133 

0.001 

1.134 

200 

1.086 

1.085 

0.001 

1.086 

300 

1.036 

1.035 

0.001 

1.056 

400 

0.963 

0.982 

0.001 

0,983 

450 

0.960 

0.958 

0.002 

0.959 

The  isothermal  bulk  modulus  values  for  XF-1-0301  ire  presented  in 
Table  XIV.  A  comparison  of  some  of  these  data  with  data  for  other  fluids 
at  1,000  and  10,000  psig  and  100°  and  500°F  is  shown  in  Table  XV.  In 
general,  the  isothermal  secant  bulk  modulus  of  XF-1-03G1  is  higher  than 
the  polymeric  perfluorinated  PR-143AC  and  chlorinated  phenyl  methyl  silicone, 
about  the  same  as  ML0-c~o9  disiloxane  and  QF-258  phony!  methyl  silicone, 
and  lower  than  the  values  for  the  petroleum  base  fluids,  an  ester  of  TMP, 
a  silane,  and  a  5P4E  polyphenyl  ether. 
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:able  xiv 


ISOTHERMAL  ff.^LK  MODULUS  OF  DOW 
CORING  XF- 1-0301  FLUOROS ILIC ONE 


Std.  Error 


Temp . 
(°F) 

Pressure 

(lb/in2) 

Secant  (§T) 
(psi) 

(%) 

Tangent  (B^) 
.  (Mi) 

100. c 

1000.0 

188634. 

892. 

195116. 

100. 0 

2000. 0 

19578’ . 

795. 

208852. 

100.0 

3000.0 

202767, 

756. 

222518. 

100.0 

4C0U. 0 

2C9607. 

722. 

236118. 

100.0 

5000.0 

2 16314. 

657. 

249656. 

100. c 

6CC0.0 

222899. 

fa 8^  . 

263136. 

100.0 

7000.0 

229372. 

675. 

276562. 

)  00.0 

8000.0 

235742. 

676. 

289935. 

100. 0 

9CC0.0 

242017. 

684. 

303258. 

100.0 

1 0000 . 0 

2482U2. 

699. 

316535. 

200. C 

1000. G 

136430. 

602. 

142955. 

200.0 

2000.0 

143459. 

539. 

156648. 

200.0 

3CC0. C 

130338. 

48  7. 

170243. 

200.0 

4000.0 

156994. 

447. 

183762. 

200.0 

5CG0.C 

163487. 

419. 

197197. 

200.0 

6CC0.0 

165836. 

402. 

210559. 

200.0 

7000. 0 

176054. 

398. 

223853. 

200.0 

acoo.o 

182153. 

406. 

237033. 

200.0 

9000.0 

188145. 

422. 

250254. 

200. C 

iCCGO.O 

194036. 

447. 

263368. 

300.0 

1000.0 

97980. 

4  52. 

104515. 

300.0 

2C00.C 

104893. 

380. 

118148. 

300.0 

3000.0 

111539. 

318. 

131658. 

300.0 

4000. 0 

117962. 

269. 

145057. 

300.0 

5000. 0 

124192. 

2  32- 

1 5  8  3 3  . 

3C0.0 

0000.0 

130255. 

212. 

171563. 

300.0 

7000.0 

136172. 

210. 

184696. 

300.0 

8000.0 

141957. 

224. 

1577^7. 

30Q.C 

9C00.0 

147624. 

25)  . 

210727. 

300. C 

10000.0 

153185. 

2  ofa. 

223641. 

400.0 

1 CGC. C 

68418. 

182. 

'’5000- 

400.0 

2000, 0 

75136. 

311. 

88543. 

400.  C 

3000.0 

81519. 

249. 

101922. 

400.0 

4000. 0 

97634. 

197. 

-15160. 

400. C 

5000.0 

93528. 

15b. 

128275. 

400.  C 

6CC0. 0 

99236. 

131. 

14128'’'. 

400.0 

7000.0 

104784. 

127. 

154187. 

400.0 

eoco. o 

11U193. 

143. 

167003. 

400.0 

9000.0 

115480. 

1  72. 

179736. 

400.0 

10000.0 

120657. 

208. 

192394. 

500.0 

1000.0 

44941. 

3  76. 

51601. 

500.0 

2000.0 

51351. 

320. 

64993. 

500.0 

3000.0 

57345. 

276. 

78164. 

500.0 

4000.0 

63029. 

242. 

91154. 

500. C 

5C00. C 

6  8470. 

218. 

1C3991 . 

500.0 

6000.0 

73713. 

203. 

1 1  6655. 

50C.0 

7000. 0 

78792. 

198. 

129282. 

500.0 

80C0.0 

83731. 

2C2. 

141764. 

500.0 

9000.0 

88548 . 

2  13. 

154151. 

500.0 

10C00.0 

93259. 

231. 

166451. 
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TABLE  XV 


COMPARISON  OF  THE  ISOTHERMAL  SECANT  BULK  MODULUS 
VALUES  OF  SEVERAL  FLUIDS  AT  SEI£CTED  TEMPERATURE 
AND  PRESSURE  LEVEIS 


Isothermal  Secant  Bulk  Modulus  (psi)  at 


100°  F 
and 

1.000 

Eg^L 

100°  F 
and 

10,000 

500°F 

and 

1,000 

PsiS 

500°  F 
and 
10,000 
psig 

PR-143AC  (MLO-65-32) 

107,900 

153,800 

29,500 

66,500 

Chlorinated  Phenyl  Methyl 
Silicone  (MLO-56-S43) 

155,000 

202,700 

43,000 

82,900 

Hexa-2-Ethylbutoxydisiloxane 

(MLC-8200) 

185,000 

233.500 

48,400 

92,300 

Fluorosilicone  (DC  XF- 1-0301) 

188,600 

248,200 

44,900 

93,300 

Phenyl  Methyl  Silicone  (QF-258) 

179,700 

236,600 

53,900 

102,100 

Petroleum  Base  Hydraulic  Fluid 
(MIL-H-5606A) 

228,500 

295,700 

60,100 

116,100 

Deep  Dewaxed  Mineral  Oil 
(ML0-60-294) 

236,500 

286,900 

61,300 

107,900 

Ester  of  TMP  (MLO-60-50) 

242,700 

297,300 

63, 900 

110,800 

Di-Phenyl-di-n-dodecylsilane 

(MLO-57-637) 

267,200 

316,700 

78,200 

122,000 

m-Bis (m-phe  noxyphenoxy ) be  nz  e  ne 
(MLO-59-692) 

414,100 

466,800 

143,300 

192,100 
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IV.  FOUR-BALL  WEAR  TESTER  INVESTIGATIONS 


A.  Background 

A  Shell  four-ball  wear  tester  manufactured  by  Precision  Scientific 
Company  was  nu-uified  to  permit  operation  at  high  temperature  and  also  to 
permit  continuous  recording  of  the  torque  transmitted  from  the  spindle 
to  the  ball  pot.  These  modifications  are  described  in  detail  in  Ref.  7, 

Part  I,  and  in  Ref.  6.  The  results  of  a  comprehensive  series  of  evaluations 
using  this  modified  apparatus  with  a  number  of  fluids  were  reported  in 
Ref,  7,  Parts  I  and  II,  and  Ref  9. 

A  standard  Precision  Scientific  Company  four-ball  EP  lubricant  tester 
was  also  used  with  several  fluids  (Ref.  9).  This  device  differs  from  the 
Shell  four-ball  wear  tester  in  that  (l)  the  spindle  b» 11  is  driven 
directly  by  the  1,735*  rpm  motor,  (2)  there  are  no  lubricant  heating  pro¬ 
visions  on  the  apparatus  used,  and  (3)  the  maximum  load  is  800  kg.  as  com¬ 
pared  to  about  50  kg.  for  the  Shell  wear  tester. 


B.  Experimental  Results  -  Shell  Apparatus 

One-hundred  four-ball  wear  tests  were  conducted  with  a  bulk  ball -pot 
temperature  of  400°F  for  1  hr.  at  592  rpm  using  0.5  in.  diameter  M-10  and 
52100  steel  ball  specimens.  Test  fluids  included  new  PR-143AC,  Oronite  6294, 
XF-1-0301,  Dow  Corning  560,  and  QF-258.  Tests  were  also  conducted  with 
PR-143AC,  Oronite  6294,  and  XF-1-0301  that  had  previously  been  used  in 
chcar/thermal  stability  tests  at  400°F  or  higher.  Wear  scar  data  are  tab¬ 
ulated  in  Table  XVI  and  the  torque  transmitted  from  the  spindle  balx  to 
the  balls  clamp.  in  the  ball  pot  is  listed  in  Table  XVII. 

There  were  two  objectives  sought  in  conducting  these  experiments.  Che 
was  to  determine  if  use  of  the  fluids  in  the  pump  loops  affected  the  four- 
ball  tester  data  and  the  other  was  to  secure  some  lubricity  data  for 
XF-1-0301  relative  to  the  four  other  fluids  which  had  been  used  in  the  high 
temperature  hydraulic  circuit  at  400°F.  Chronologically,  these  four-ball 
tests  followed  the  XF-1-0301  runs  at  450°  and  600°F  in  the  pump  stand  and 
preceded  the  400°  and  500°F  runs  in  the  high  temperature  hydraulic  circuit. 
PR-143AC  and  a  predecessor  of  Oronite  6294  deep  dewaxed  mineral  oil  operated 
satisfactorily  while  DC-560  and  QF-258  resulted  in  pump  failures - 


*  Full  load  speed. 
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TABLE  XVI 


WEAR  DATA  FROM  FOUR-BALL  TESTS 
(l  hr.  at  592  rpm  and  400°F) 

Wear  Scars  (in  millimeters) 
Specimen  _ Under  Loads  of: _ 


Test  Fluids^/ 

Material 

40  kg 

30  kg 

20  kg 

10  kg 

4  kg 

1  kg 

PR-143AC  (new) 

M-10 

52100 

0.56* 

0.87 

0.46 

0.5§ 

0.33 

0.41 

0.22 

0.32 

0.17 

0.30 

0.16 

0.24 

PR-143AC  after  1,000  hr. 
at  400°F  ir.  pump  loopV 

M-10 

52100 

0.52 

1.75 

0.44 

0.71 

0.28 

0.39 

0.21 

0.33 

0.16 

0.29 

0.13 

0.25 

Oronite  6294  (new) 

M-10 

52100 

0.99 

0.98 

0.99 

1.29 

0.76 

0.52 

0.22 

0.40 

0.18 

0.37 

0.20 

0.32 

Oronite  6294  after  100  hr. 
at  C25°F  in- pump  loop sJ 

M-10 

52100 

1.41 

1.80 

1.10 

1.01 

0.76 

0.79 

0.26 

0.38 

0.18 

0.32 

0.21 

0.19 

XF-1-0301  Lot  4  (new) 

M-10 

52100 

0.67* 

0.57 

0.60* 

0.52 

0.51 

0.45 

0.40 

0.30 

0.28 

0.40 

0.30 

0.27 

XF-1-0301  Lot  4  after  100  hr. 
at  45C°f  in  pump  loop£/ 

M-10 

52100 

0.63 

0.80 

0.63 

0.67 

0.53 

0.45 

0.26 

0.29 

0.28 

0.28 

0.25 

0.2* 

Dow  Corning  560  (new) 

M-10 

52100 

1.84 

2.17 

1.69 

1.80 

1.36 

1.34 

0.98* 

0.63 

0.54 

0.50 

0.41 

0.44 

QF-258  (new) 

M-10 

52100 

2.45 

3.42 

2.37 

3.38 

2,23 

2.69 

1.81 

2.17 

1.18 

1.59 

0.58 

0.80 

a/  FR-143AC  DuPont  polymeric  perfluorinated  fluid. 

Oronite  6294  deep-dewaxed  mineral  oil  (MIL-H-27 - Ol) . 

XF-1-0301  Dew  Corning  fluorosilicone . 

Dow  Corning  560  chlorinated  phenyl  methyl  silicone . 

QR- 258  phenyl  methyl  silicone. 

b /  1,000-Hr.  experiment  conducted  in  the  high  temperature  hydraulic  circuit 

using  a  New  York  Air  Brake  piston  pump, 
c /  100-Hr.  experiment  conducted  in  the  pump  stand  using  a  modified 

Manton-Gaulin  triplex  pump. 

*  Average  data  for  2  experiments . 
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TABLE  XVII 


TORQUE  DATA  FROM  FOUR-BALL  TESTS 
(l  hr.  at  592  rpm  and  400°F) 


Test  Fluid^/ 

Specimen 

Material 

PR-143AC  (new) 

M-10 

52100 

PR-143AC  after  1,000  hr. 
at  400° F  in  pump  loop!?/ 

M-10 

52100 

Oronite  6294  (new) 

M-10 

52100 

Oronite  6294  after  100  hr. 
at  625° F  in  pump  loop£/ 

M-10 

52100 

XF-1-0301  Lo+  4  (new) 

M-10 

52100 

XF-1-0301  Lot  4  after 

100  hr.  at  450°F  in  pump 
loop£/ 

M-10 

52100 

Dow  Corning  560  (new) 

M-10 

52100 

QF-258  (new) 

M-10 

52100 

Torque  (in-oz)  under  loads  of; 


40  kg 

30  kg 

20  kg 

10  k§ 

4  kg 

1  kg 

22.96* 

29.12 

18.96 

20.00 

14.29 

13.05 

7.03 

2.53 

0.68 

23.53 

29.05 

18.70 

14.41 

11.77 

12.83 

5.23 

6.40 

2.66 

3.18 

1.06 

1.06 

39.85 

35.35 

30.81 

27  .81 

17.56 

14.06 

6.76 

6.82 

2.94 

4.89 

1.06 

42.65 

37.95 

32.00 

27.97 

20.63 

17.51 

7.06 

8.57 

2.29 

3.04 

2.33 

1.76 

28.23* 

30.80 

24.81* 

23.17 

16.04 

14.85 

7.55 

9.00 

3.53 

1.08 

1.41 

32.37 

36.47 

24.61 

21.72 

15.28 

13.61 

7.41 

8.22 

2.35 

2.12 

1.06 

79.45 

75.38 

65.49 

60 .  i)  i 

44.38 

39.21 

12.09* 

10.97 

2.60 

2.83 

0.68 

1.06 

85+ 

85+ 

64.28 

69.29 

45.57 

46.72 

21.79 

22.59 

7.82 

9.05 

1.06 

1.06 

a /  PR-143AC  DuPont  polymeric  perfluorinated  fluid. 

Oronite  6294  deep-dewaxed  mineral  oil  (MIL-H-27601) . 

XF-1-0301  Dow  Corning  fluorosilicone . 

Dow  Corning  560  chlorinated  phenyl,  methyl  silicone. 

QF-258  phenyl  methyl  silicone. 

b /  1,000-Hr.  experiment  conducted  in  the  high  temperature  hydraulic  circuit 

using  a  New  York  Air  Brake  piston  pump. 
cj  100-Hr.  experiment  conducted  is  the  pump  stand  using  a  modified 
Manton-Gaulin  triplex  pump. 

*  Average  data  for  2  experiments . 
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Some  general  remarks  can  be  made  regarding  the  effects  of  new  and 
used  fluids  on  the  four-ball  data: 

1.  Wear  scars  on  M-10  specimens  were  roughly  the  same  size  for  both 
new  and  used  fluids  except  for  Oronite  6294  at  the  higher  loads.  The  used 
Oronite  6294  permitted  greater  M-10  wear  under  30  and  40  kg.  loads  than 
did  new  Oronite  6294. 

2.  Wear  scars  on  52100  specimens  were  generally  higher  under  30  and 
40  kg.  loads  when  mi  in  used  fluid  rather  than  new  fluid.  Differences 
at  lower  loads  were  not  appreciable. 

3.  The  transmitted  torque  generally  was  not  appreciably  different  for 
comparable  experiments  run  in  new  and  used  test  fluid  nor  did  the  torque 
appear  to  be  greatly  influenced  by  differences  in  the  two  test  specimen 
materials--M-10  and  52.100  in  this  case. 

Judging  from  the  wear  scar  data  of  Table  XVI,  it  would  appear  that 
XF-1-0301  has  lubricating  characteristics  that  are  much  better  than  the 
fluids  which  permitted  pump  failure  and  roughly  equivalent  to  the  fluids 
that  did  provide  satisfactory  pump  operation  at  400°F.  The  torque  data 
in  Table  XVII  strongly  reinforce  this  observation.  As  noted  in  a  previous 
section  of  this  report,  a  New  York  Air  Brake  Model  69W03006-2  did  perform 
well  at  400° F  with  XF-1-0301. 


C.  Experimental  Results  -  EP  Four-Ball  Apparatus 

Four  experiments  were  conducted  with  new  XF-1-0301  fluorosilicone 
fluid  and  M-10  steel  balls  in  the  EP  apparatus.  Two  runs  wore  made  for 
5  min.  under  100-kg  loads  with  a  room  temperature  start.  The  results  of 
those  runs  have  been  added,  in  Table  XVIII,  to  a  tabulation  of  previous 
work  that  originally  appeared  in  Ref.  9.  Although  the  wear  scars  were 
lower  than  those  found  with  a  deep  dewaxed  mineral  oil,  a  polyphenyl  ether, 
and  an  ester  of  TMP,  the  maximum  torque  transmitted  from  the  spindle  to 
the  ball  pot  was  relatively  high. 

Two  additional  EP  four-ball  tests  were  run  for  1  hr.  with  M-10  steel 
balls  in  XF-1-0301  fluid.  During  the  first  test  under  100-kg.  load,  the 
fluid  heated  from  room  temperature  to  about  275°F,  and  a  3.07  mm.  wear 
scar  was  produced.  This  scar  is  roughly  twice  as  large  as  that  produced 
under  identical  test  conditions  except  with  PR-143AC  fluid  (Ref.  9).  The 
second  EP  test  with  XF-1-  501  was  under  a  200-kg  load.  After  1  hr.,  all 
the  fluid  had  left  the  ball  pot  in  the  form  of  smoke.  No  wear  scar  could 
be  measured  because  of  the  gross  metal  transfer  between  the  spindle  ball 
and  the  balls  clamped  in  the  ball  pot.  Under  these  same  conditions, 
PR-143AC  produced  a  wear  scar  of  about  2.6  mm. 
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TABLE  XVIII 


SUMMARY  OF  EP  FOUR-BALL  TESTS 


Lubricant 

a/ 


Specimen  Material  -  M-10 
Load  -  100  kg 
Duration  -  5  min. 

Temperature  -  room  temperature  start 
Speed  -  approximately  1,800  rpm 


Avg.  Scar 


Torque  (in-oz) 
Max.  Time  (sec. 


Torque  (in-oz) 
Final  Value 


PR- 14 3 
PR- l43 
MLO  60-294 
MLO  60-294 
MLO  63-15 
MLO  63-15 
MIX)  60-50 
MLO  60-50 
DC -560 
nr -560 
XF-i-0301 
XF-1-0301 


0.950 
0.99a 
3.071 
3.186 
3.274 
3 1366 
3 . 698 
3.830 
2.362 
..'.408 
2.217 
2.635 


PR- 143  -  DuPont  polymeric  perfluorinated  fluid. 

MLO  60-294  -  deep-dewaxed  mineral  oil. 

MLO  63-15  -  mmm-5P4E  with  5  percent  tricresyl  phosphate. 

MLO  60-50  -  ester  of  trimethyiolpropane . 

DC-560  -  chlorinated  phenyl  methyl  silicone. 

XF-1-0301  -  Dow  Corning  f ! uorosi licono . 

No  torque  indicated  on  chart.  Torque  estimated  to  be  less  than  20  in-oz 
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V.  HIGH  VACUUM  SIMULATED  BEARING  WEAR  RIG 


A.  Introduction 

An  apparatus  was  developed  for  use  in  evaluating  friction  and  wear 
characteristics  of  bearing  lubricants  from  atmospheric  pressure  to  absolute 
pressures  lower  than  10“®  torr  and  at  temperatures  ranging  from  room  tem¬ 
perature  to  1500° F.  A  conventional,  contact  configuration  utilizing  a 
lubricated  test  ring  and  two  rub  shoes,  180°  apart,  was  selected  primarily 
to  permit  direct  comparison  of  data  from  this  new  rig  with  the  large  amount 
of  data  previously  collected  on  other  test  devices  using  similar  test 
specimens  but  not  capable  of  the  extreme  environmental  conditions  of  the 
new  apparatus.  The  rub-shoe  normal  load  can  be  varied  from  0  to  600  lb/shoe 
and  the  sliding  speed  can  be  set  to  any  level  between  15  and  215  ft/min. 

This  new  rig  was  built  on  a  6-in.  vacuum  flange  which  will  fit  the  6-in. 
Ultek  crosses  of  the  vacuum  systems  at  the  Air  Force  Materials  Laboratory 
and  at  Midwest  Research  Institute. 


5.  Description 

The  apparatus  consists  basically  of  a  drive  motor,  a  magnetic  coupling, 
and  the  test  fixture  mounted  on  a  6-in.  vacuum  flange.  The  assembly  draw¬ 
ing,  shown  in  Figure  18,  includes  a  frameless  drive  motor  attached  to  the 
permanent  magnet  driving  member  of  a  magnetic  coupling.  The  driven  member 
of  the  coupling  is  attached  to  one  end  of  a  shaft  within  the  vacuum  chamber. 
The  test  ring  is  mounted  on  the  other  end  of  this  shaft.  Two  pneumatic 
bellows  apply  loading  forces  to  the  diametrically  opposed  rub-shoes  through 
sapphire  balls.  All  mechanical  components  are  mounted  on  a  6-in.  Ultek  vacuum 
flange.  The  test  fixture  is  bakeable  to  300°C  (572°F)  after  the  drive  motor 
and  the  permanent  magnet  of  the  magnetic  coupling  have  been  removed. 

The  operation  of  the  apparatus  can  be  readily  visualized  by  referring 
to  the  schematic  diagram  shown  in  Figure  19.  The  drive  motor  is  a  frame¬ 
less  DC  torque  motor  rated  at  132  in-lb  torque  at  speeds  to  1,800  rpm 
although  use  above  600  rpm  is  not  contemplated.  In  this  application,  the 
current  drawn  by  the  motor  is  a  linear  function  of  the  load  torque: 

1  ampere  =7.0  in-lb.  At  600  rpm,  the  current  drawn  by  the  motor  to  drive 
the  unloaded  test  fixture  is  approximately  1  ampere.  The  motor  control 
panel  contains  instrumentation  to  maintain  constant  speed,  adjustable  from 
40  to  600  rpm,  over  the  full  load  range.  Motor  current  (motor  torque) 
is  monitored  by  a  single  set  point  meter  which  can  be  adjusted  to  stop  the 
motor  when  the  load  torque  exceeds  a  predetermined  value.  A  0-50  mv,  DC 
signal,  proportional  to  the  motor  current,  is  available  at  recorder  terminals 
on  the  control  panel.  A  frameless  motor  was  utilized  so  that  the  motor 


44 


I  I 


Figure  18  -  High  Vacuum  Simulated  Bearing  Wear  R33 
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could  be  attached  to  the  permanent  magnet  driving  member  of  the  coupling. 

This  arrangement  permits  the  use  of  only  two  bearings  for  alignment  and 
support  of  both  the  magnet  and  the  mot->r.  The  magnetic  coupling  has  been 
found  to  have  a  maximum  torque  capability  of  61  in-lb. 

The  driven  member  of  the  coupling  is  attached  to  the  Ren£  41  spindle 
within  the  vacuum  chamber  to  rotate  the  test  ring  which  is  1.375  in.  O.D. 
by  0.625  I.D.  by  0.375  in.  thick  and  is  held  in  place  by  a  Rene  41  bolt. 

Two  Inconel  X  pneumatic  bellows,  which  have  an  effective  area  of  3.48/sq  in 
and  can  withstand  up  to  200  psig,  apply  loading  forces  -chrough  sapphire  balls 
to  the  diametrically  opposed  rub  shoes.  These  shoes  measure  0.250  in. 
along  the  ring  axis  by  0.500  in.  long  by  0.400  in.  wide.  The  rub  shoes  are 
held  in  place  by  Rene  41  holders  which  utilize  spring  forces  to  retain  the 
shoes.  A  water-cooled  RF  coil  and  concentrator  heats  the  test  ring  and  rub 
shoes  when  powered  by  an  induction  generator.  Specimen  temperatures  are 
monitored  and  controlled  by  sin  optical  pyrometer  sighted  on  the  test  ring 
through  a  view-port  in  the  vacuum  chamber ♦ 

All  bearings  are  of  the  angular  contact  type  and  sire  spring  loaded  for 
stability.  The  bearings  initially  installed  in  the  vacuum  chamber  were 
stainless  steel  lubricated  with  powdered  MoS2»  but.  as  discussed  later,  these 
bearings  were  replaced  because  one  of  them  failed.  The  bearings  used  out¬ 
side  the  vacuum  chamber  are  grease  lubricated. 

With  the  exception  of  the  soft  iron  armature  of  the  magnetic  coupling, 
the  bearings,  and  che  Rene  41  and  Inconel  X  components  previously  mentioned, 
all  components  inside  the  vacuum  chamber  were  made  of  Type  316  stainless  steel, 

The  apparatus  can  be  operated  in  any  position.  However,  it  is  antici¬ 
pated  that  the  specimens  will  usually  face  downward  to  prevent  wear  debris 
from  damaging  the  spindle  bearings .  Photographs  of  the  apparatus  mounted 
in  a  vacuum  system  in  this  position  and  out  of  the  vacuum  system,  in  an 
inverted  position,  are  shown  i-.  Figures  20  and  21.  The  RF  coil  and  concen¬ 
trator  used  in  heating  the  specimens  is  shown  in  Figure  22. 


C.  Initial  Operation 

The  wear  tester  was  initially  operated  in  air  withoul  heat  being  added. 
Test  rings  were  coated  with  dry  film  lubricants;  rub-shoes  were  not  coated. 
Duplicate  tests  with  identical  specimens  were  run  on  thu  Mark  VB  rub-shoe 
tester.  In  the  new  wear  tester  at  500  rpm  and  100-lb.  normal  load,  surface 
temperatures  of  the  test  ring  were  observed  to  rise  at  the  rate  of  2.35°F/ 
min.  to  a  maximum  temperature  of  approximately  450°F;  whereas,  surface  . 
temperatures  of  the  test  ring  in  the  Mark  VB  rose  only  to  200°F  maximum. 


47 


Figure  20  -  Vacuun  Bearing  Wear  Rig  and  Drive  Motor  Mounted  on  Vacuum  Chamber 
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The  difference  in  heating  characteristics  is  attributed  to  the  relatively 
good  thermal  isolation  of  the  shaft  and  rub-shoe  holders  in  the  new  tester. 
When  designing  the  tester,  thermal  isolation  was  considered  necessary  for 
setisfactory  operation  of  an  RF  induction  heater  in  the  system.  The  co¬ 
efficient  of  friction  measured  on  the  two  testers  was  identical  for  all 
filtm.  measured  when  the  specimen  temperatures  were  comparable.  When  heat 
was  added  to  the  Mark  VB  tester  during  one  test  to  cause  a  temperature 
rise  similar  to  that  of  the  new  tester,  the  wear  life  of  the  MLR  17-2  films 
on  the  two  machines  compared  favorably.  Table  XIX  shows  the  data  taken 
for  comparative  tests  with  the  two  wear  testers. 


TABLE  XIX 

COMPARATIVE  WEAR  TESTS  IN  RUB-SHOE  DEVICES 


Vacuum  Bearing  Wear  Rig 


Film  type 

MLR17-1 

MLR17-1 

MLR17-2 

MLR17-2 

MLR17-2 

Film  thickness  (in.) 
Coefficient  of 

0.0004 

0.0002 

0.0003 

0.0005 

0.0003 

friction 

0.02 

0.02 

0.03 

1.02 

0.02 

Wear  life  (min.) 

248 

227 

277 

202 

183 

^ximum  temperature  (°F) 

- 

450 

- 

475 

430 

Mark  VB 

Wear  Tester 

Film  type 

MLR17-1 

MLR17-1 

MLR17-2 

Film  thickness  (in.) 
Coefficier^  of 

0.C303 

0.0002 

0.0005 

friction 

0.02 

0.02 

0.02 

Wear  life  (r  ■> > ) 

466 

520 

145 

Maximum  temper  ture  (°F) 

205 

195 

475 

Note:  The  MLR17  films  are  bonded  with  polyimide  resin  and  contain  M0S2 
as  the  primary  lubricant. 


In  the  first  vacuum  tests,  10-8  torr  was  attained  without  bake-out 
and  10 torr  was  maintained  while  the  specimen  was  heated  to  1500°F  and  run 
at  100-lb.  normal  load,  180-fpm  rubbing  speed.  In  a  second  test,  10“8 
torr  was  attained  after  a  short  bake-out  at  275°F.  Helium  leak  tests  dis¬ 
closed  no  leaks  in  the  system.  The  vacuum  system  was  able  to  maintain  10"^ 
torr  when  the  specimen  was  heated  to  15008F  and  run  at  50-lb.  normal  load, 
180  fptn  for  1  min.  then  stopped  and  cooled  to  room  temperature.  The  cyclic 
heating,  running  and  cooling  was  repeated  five  times  before  it  v;as  noticed 
that  the  retaining  bolt  for  the  ring  specimen  had  loosened. 
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The  nut  for  the  hold-down  bolt  was  modified  to  provide  a  spring 
locking  action.  In  a  third  test,  10"8  torr  was  attained  without  bake-out 
and  10"^  torr  maintained  under  operating  conditions.  The  specimen  was 
heated  to  15008F,  cooled  and  heated  to  15Q08F  again.  The  specimen  was 
rotated  for  1  min.,  stopped,  rotated  for  11  min.,  stopped,  rotated  for  1 
min.,  stopped,  and  rotated  for  1  min.  At  no  time  was  there  evidence  of 
the  hold-down  bolt  loosening. 


jD.  Bearing  Modification 

One  of  the  stainless  steel  bearings  in  the  vacuum  chamber  failed 
after  only  a  few  hours  of  operation.  Both  bearings  were  equipped  with 
metal  ball  separators  ar.d  lubricated  with  molybdenum  disulfide.  Debris 
from  the  bearing  that  failed,  which  was  in  the  upper  part  of  the  apparatus, 
may  have  entered  the  other  bearing  so  replacements  were  secured  for  both. 

Bearings  of  the  sizes  needed  (03  and  07)  having  phenolic  separators 
were  readily  available  only  in  52100  steel.  Bearings  of  this  type  were 
secured  and  subjected  to  the  following  operations: 

1.  They  were  disassembled  by  heating  the  outer  race  with  a  heater  tape. 

2.  The  balls  were  cleaned  and  then  burnished  with  MoSo  to  furnish 

C_ 

initial  lubrication. 

3.  The  races  were  cleaned  and  plated  with  gold  less  than  0.00001  in. 
thick  to  inhibit  corrosion. 

4.  The  phenolic  separators  were  discarded  and  replaced  with  Duroid 
separators.  Duroid  is  Teflon  filled  with  asbestos  fiber  and  MoS2  manu¬ 
factured  by  the  Rogers  Corporation  of  Rogers,  Connecticut.  The  ball  com¬ 
plement  of  the  07  bearing  was  reduced  from  15  to  12  and  the  ball  comple¬ 
ment  of  the  03  bearing  was  reduced  from  10  to  8. 

5.  After  assembly  of  the  bearings,  again  using  a  heater  tape  on  the 
outer  race,  they  wer ,  cleaned  prior  to  installation  with  DuPont  TF  solvent 
(Freon  113)  in  a  vapor  degreaser.  Initial  operation  has  been  satisfactory. 
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VI. 


FLUID  VISCOSITIES  AT  HIGH  PRESSURES 


A.  Background 

A  high-pressure,  high-temperauure  falling  weight  viscometer  system, 
similar  to  that  described  in  the  1953  ASME  pressure-viscosity  report  (Ref.  10), 
is  being  used  to  determine  the  viscosity  and  compressibility  of  lubricating 
and  hydraulic  fluids.  It  includes  a  high  pressure  test  chamber  which  will 
hold  either  a  falling  weight  viscometer  or  a  fluid  compressibility  measuring 
assembly  in  the  desired  high  temperature  (to  400°F)  and  high  pressure  (to 
250,000  psig)  environment.  Density,  as  a  function  of  temperature  and 
pressure,  is  derived  fxom  the  compressibility  data  and  used  with  correspond¬ 
ing  viscometer  data  to  determine  absolute  viscosities  and  related  information. 

Modifications  are  frequently  made  to  the  apparatus  or  its  instrumenta¬ 
tion  to  increase  reliability  and  accuracy  and  to  facilitate  the  operating 
procedures.  The  appearance  of  the  high  pressure  viscometer  is  shown  in 
Figure  23  and  a  schematic  diagram  of  the  hydraulic  control  system  is  shown 
in  Figure  24. 


B.  Apparatus  Modifications  and  Maintenance 


1.  Electrical  feedthroughs :  The  replacing  of  the  numerous  seals  and 
insulators  for  the  electrical  feedthroughs  from  the  manganin  coil  pressure 
sensor  and  the  high  pressure  test  chamber,  both  in  the  highest  pressure 
parts  of  the  apparatus,  was  discussed  in  AFML-TR-67-8,  Part  II  (Ref.  11). 

The  swaged  sheath  conductors  secured  for  this  purpose,  two  conductors  in 
one  sheath  for  the  pressure  sensor  and  six  conductors  in  one  sheath  for  the 
test  chamber,  were  brazed  into  plugs  made  of  the  same  type  of  tool  steel  used 
for  the  original  type  of  feedthrough.  Excessive  softening  of  the  tool  steel 
occurred  and  allowed  wear  and  eventual  leakage  of  the  hexane  hydraulic  fluid. 
New  plugs  were  fabricated  using  an  AISI  type  A6  steel  manufactured  by 
Crucible  Steel  Company  under  the  trade  name  of  Orbit.  The  advantage  of  using 
this  air  quench  tool  steel  is  that  it  allows  silver  brazing  temperatures  to 
be  used  in  brazing  the  swaged  sheath  conductors  into  the  plugs  without 
appreciably  reducing  the  hardness  of  the  plug.  A  silver  brazing  temperature 
of  1300°F  reduces  the  hardness  below  45  Rockwell  C,  but  during  air  quench, 
the  material  retempers  to  approximately  47  Rockwell  C  as  opposed  to  36  for 
the  AISI-4340  or  6140  tool  steels  formerly  uted.  An  additional  advantage  is 
also  realized  in  that  the  brazing  temperature  can  be  distributed  along  a 
greater  length  of  the  sheathed  conductors  and  permits  a  better  capillary 
fill  of  the  void  between  the  plug  I.D.  and  the  O.D.  of  the  swaged  sheath. 
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Figure  23  -  High  Pressure  Viscometer 
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2.  High  pressure  cylinder  piston:  The  piston  for  the  high  pressure 
cylinder  developed  a  longitudinal  crack.  A  replacement  was  fabricated  from 
centerless  g.-oend  Carpenter  Air  Hard  No.  484  tool  steel  (AISI  A-?).  Opera¬ 
tion  of  the  apparatus  with  this  piston  has  been  satisfactory. 

3.  Manganin  coil  pressure  sensors:  The  pressure  in  the  test  chamber 
is  monitored  by  a  small  coil  made  of  linen-insi latcd  manganin  wire  installed 
in  tne  high  pressure  cylinder.  At  atmospheric  pressure,  this  coil  will 
have  a  resistance  on  the  order  of  100  ohm  but  the  resistance  will  change 
linearly  with  pressure  increases.  Roughly  a  3  percent  increase  will  occur 
between  atmospheric  pressure  and  100,000  psig.  New  coils  must  be  stabilized 
to  prevent  resistance  drift  both  by  holding  at  elevated  temperatures  and 

at  elevated  pressures.  The  coils  are  calibrated  by  using  an  accurate 
Bourdon  tube  pressure  gauge  manufactured  by  the  Heise  Company  as  a  secondary 
'  standard.  -  •: 

Sudden  changes  in  pressure  of  the  hexane  fluid  surrounding  these  coils 
will  cause  relative  movement  of  the  wires  in  the  coil  and  eventually  cause 
intermittent  shorting  to  occur.  Two  failures  occurred  during  the  1'  68 
calendar  year  ^operations  .  Partial  temperature  and  press'ir-e_atabi3  ization 
of  two  to  four  coils  was  required  before  a  suitable  coil  could  be  found 
each  time  a  replacement  coil  was  required. 

4.  Test  fluid  temperature;  The  temperature  of  the  test  fluid  within 
the  high  pressure  chamber  is  dependent  upon  the  temperature  of  the  liquid 
bath  surrounding  the  chamber.  Three  steps  have  been  taken  to  provide  the 
high  pressure  viscometer  with  more  accurate  test  fluid  temperature  mea¬ 
surement  and  more  rapid  changes  in  temperature  between  test  conditions . 

a.  Test  fluid  temperature  measurement;  Initially,  the  test 
fluid  temperature  was  assumed  to  be  the  same  as  that  of  the  bath  fluid  sur¬ 
rounding  the  test  chamber  after  an  extended  period  at  a  constant  temperature. 
However,  test  fluid  temperature  measurements  can  now  be  made  with  an  internal 
test  chamber  thermocouple.  Recent  modifications  to  the  test  chamber  terminal 
plug  have  eliminated  the  original  three  separately  sealed  electrical  con¬ 
ductors  and  substituted  six  magnesium  oxide  insulated  conductors  (four  iron 
and  two  conctantan)  in  a  single  swaged  r heath  which  is  brazed  into  the  termi¬ 
nal  plug.  The  effects  of  pressure  on  the  thermocouple,  made  with  one  each 
of  the  iron  and  constantan  leads,  were  found  to  be  negligible.  The  thermo¬ 
couple  EMF  responds  rapidly  during  the  introduction  of  cooler  hydraulic 
fluid  to  the  test  chamber  while  the  pressure  is  being  increased  and  also 
during  the  essentially  adiabatic  cooling  during  a  pressure  decrease.  These 
temperature  variations  are  small  and  normal  readings  are  obtained  after  a 
short  equalization  period. 
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The  primary  advantage  of  this  thermocouple  in  the  interic.'  of  the 
test  chamber  is  the  elimination  of  prolonged  periods  of  soaking  to.  assure 
equalization  of  the  temperatures  of  the  bntn  outside  of  the  cham.be>  and  the 
test  specimen  inside  the  chamber. 

b .  Heating  control  of  high  pressure  chamber  bath :  Inst ;  :.umer ta- 
tion  to  provide  steady  state  temperature  control  of  the  test  cham-  >r  bath 
has  been  added  to  the  high  pressure  viscometer  syrtem.  This  instrumenta¬ 
tion  includes  (l)  a  potentiometric  control  system  with  a  ohermoccu ole  input 
and  a  retransmitting  slidewire,  (2)  a  current  adjusting  transform:-"  (CAT) 
which  provides  adjustable  proportional  band  control  with  rate  and: reset 
action,  and  (3)  a  single  pkate  solid  state  power  supply.  Bath  terperature 
control  of  -Q.\°T  has  been  repeatedly  demonstrated  over  the  desired  elevated 
temperature  range. 

c.  Cooling  control  of  high  pressure  chamber  hath:  A  rrfrigera- 
■;ion  system  has  been  installed  in  the  chamber  bath  to  provide  control  oelcw 
room  temperature.  The  system  includes-'  (l)  a  freon  compressor  a.d  con¬ 
denser,  (2)  an  expansion  coil,  (3)  a  calibrated  temperature  control  hand 
valve,  and  (4)  a  sensitive  suction  pressure  switch.  Temperature  ontrnl, 
demonstrated  to  be  oil  the  order  of  ±0.05®F,  is  achieved  by  adjui  Ing  the 
compressor  suction  pressure.  The  refrigeration  system  is  now  caj able  of 
maintaining  constant  bath  temperatures  down  to  about  45°F.  Lowei  tempera¬ 
tures  could  be  reached  with  the  addition  of  insulation  to  the  bat  \. 


C.  Test  Fluid  Turbulence 

Tne  possibility  of  turbulence  occurring  in  the  viscometer  tube  as . 
the  weight  falls  through  the  tube  was  sonsile-red.  The  basic  relationship 
between  the  viscosity  of  the  fluid  and  time -of -fall  of  a  weight  through  the 
fluid  is  a  logarithmic  function  and  thsso  functions  were  plotted  (Figure  25). 
The  resulting  "curve”  is  a  straight  line  and  indicates  no  depart-’  e  from 
laminar  flow.  A  step  in  the  curve  would  be  expected  if  turbulent  flow 
developed.  Dsita  plotted  included  times -of -fall  to  1,32S  see.  ar  ■  known 
fluid  viscosities  of  the  calibrating  fluids  from  3.18  to  7,880  cintipoise. 


D .  Computer-Assisted  Data  Reduction 

Reduction  of  the  experimental  data  to  viscosities,  densities,  ind  re* 
lated  information  is  not  complex  but  it  is  repetitive  and  if  don-  by  hand i 
rather  cumbersome  and  time-consuming.  The  chances  of  human  error-  are  high. 
For  these  reasons,  three  computer  programs  were  prepared. 
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One  of  these  programs,  a  relatively  single  one,  is  used  with  a  Wang 
calculator  to  rapidly  reduce  the  experimental  data  to  arrive  at  rough  values 
for  the  form  factors  of  the  viscometer  weight.  These  calculations  can  be 
done  while  the  experimental  work  is  in  progress  and  provide  9  constant  check 
on  accuracy  and  repeatability. 

A  second  program,  also  relatively  simple,  is  used  for  precise  and 
rapid  calculation  of  the  test  fluid  density  values.  This  work  is  done  on  a 
time-sharing  computer  for  which  direct  access  by  way  of  n  keyboard  is  avail¬ 
able.  The  resulting  dens ity- temperature -pres sure  data  are  plotted.  The 
density  data  reported  and  used  for  the  viscosity  calculations  are  read  from 
these  graphs.  Variations  of  the  density  data  from  the  curves  normally  are 
less  than  0.3  percent. 

The  third  program,  written  in  FORTRAN  IV  for  an  IBM  360  computer,  is 
used  to  reduce  all  other  experimental  data.  All  operations,  including  con¬ 
version  to  proper  units .  are  internal  to  the  program.  This  program  waa 
initially  described  ii  f .  11  but  has  been  modified  to  make  it  more  ver¬ 
satile.  Minor  -hanges  in  the  program  logic,  as  originally  presented  in 
Ref.  11,  have  been  made,  lb>  logic  of  +he  current  program  is  presented  in 
Appendix  I, 


F *  Fluids  to  he  Studied 


Ten  fluid 3  have  been  scheduled  for  Investigation  in  the  high  pressure 

vd  .’cometei . 

Initial  investigations  will 

cover  up  to  300  CF 

and  150,000  psig 

If  the  fluid 

ioes  not  become  too  viscous 

at  150,000  psig. 

Subsequent  in- 

vestiga'  ions 

will  be  conducted  with 

the 

less  viscous  fluids 

i  to  300 °F  and 

250,000  psig 

.  The  fluids  scheduled 

are 

as  follows: 

Fluid  Code 

Fluid  Type 

Fluid  Code 

Fluid  Type 

F-1041 

5P4E 

0-67-7 

MIL- L- 7808®’ 

0-64-4 

F-50 

0-6”-20 

MIL-L-78CSG 

0-64-15 

SAE  20 

F-  1C  01 

M3L-L- 23659 

H-1026 

MU-L-7803C 

0-64-25 

MIL-L- 23699 

GT0-885 

’•HL-L-9  236 

0-66-25 

In  addition,  study  of  an  additive-free  bis(  '2-ethyl  hexyl } setae  ate*  at  100^ 
and  210°F  was  scheduled  to  get  data  for  comparison  with  data  for  a  similar 
fluid  reported  in  Volume  II  of  the  ASME  Pressure-Viscosity  Report  (Ref.  10) 
and  vvth  data  cn  the  same  fluid  reported  by  Novak  and  Winer  of  the  Pniverf tty 


*  Plexol  201H,  Lot  21-3614,  PL- 5159  manufactured  by  Rohm  and  Haas. 
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■rf*  ten. 


of  Michigan  (Refe.  12  and  13),  The  density  of  these  11  fluids  at  one 
atmosphere  as  a  function  of  temperature  is  one  of  the  Inputs  tc  the  com¬ 
puter  programs  used  to  reduce  the  experimental  data.  These  density  data 
have  been  determined  for  all  fluids  except  H-1001,  which  is  not  yet  avail¬ 
able,  and  are  reported  in  Tables  XX  to  XXIX.  The  procedures  used  to  measure 
density  are  described  briefly  in  this  report  in  the  section  on  bulk  modulus 
(page  35).  All  planned  pressure-viscosity  work  with  the  diester  bis (2- ethyl 
hexyl)Bebacate,  the  SP4E  polyphenyl  ether  (F- 104-1),  and  the  F-50  chlorinated 
phenyl  methyl  silicone  (0-64-4)  has  been  completed  and  is  reported  in  the 
following  section. 


TABLE  XX 


UPPITY  OF  F-1041  POLYPHENYL  ETHER  AT  CHE 


ATMOSPHERE  AS  A  FUNCTION  OF  TEMPERATURE 

Density,  gm/ml 

Temperature 

Hubbard 

Gay-Lussac 

mi 

Bottle 

Bottle 

Difference 

Average 

76 

1.194 

1.195 

“0,00  a. 

1.195 

100 

1.187 

1.187 

0 

1.187 

200 

1.141 

1.141 

sj 

1.141 

300 

1.103 

l.lOv* 

0 

1.103 

400 

1.C62 

1.06; 

^1.001 

1.062 

450 

1.041 

1.039 

+0.002 

1.040 

T4BIE  XXI 

DENSITY  OT  0- 

61-..  TYTE  f-50 

FLUID  .vT  ONE 

ATMOSPHERE  AS 

A  FUNCTION  OF 

Tl’JPEKATURE 

Temperature 

Density,  ga/nd 

Hubbard 

G-y*  Luso&c 

CD 

Bottle 

Bottle 

Difference 

Average 

76 

1.036 

1-038 

0 

1.038 

100 

1.030 

1.029 

+0.001 

1.030 

2C0 

0.962 

0.982 

0 

0.982 

300 

0.934 

0.936 

-0.002 

0.935 

400 

0.688 

0  989 

-0.001 

0.889 

*50 

0.871 

0.869 

+0.002 

0.870 
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TABI£  XXII 

DENSITY  OF  0-64-15  TYPE  SAE  20  OIL  AT  CHE 
ATMOSPHERE  AS  A  FUNCTION  08*  TEMPERATURE 


Penalty,  gm/ml 


Temperature 

(°F) 

Hubbard 

Bottle 

Gay-Luasac 

Bottle 

Difference 

Average 

76 

0.866 

0.866 

0 

0.666 

100 

0.860 

0.860 

0 

0.860 

200 

0.827 

0.826 

+0.001 

0.827 

300 

0.794 

0.793 

+0.001 

0.794 

400 

0.759 

0.757 

+0.002 

0.758 

450 

0.736 

0.739 

-0.003 

0.738 

TABIE  XXIII 

DENSITY  OF  H-1026  TYPE  MIL-L-7806C  FLUID  AT  ONE 
ATM06PHERE  AS  A  FUNCTION  OP  TEMPERATURE 


Temperature 

.  Amf). 

Density,  gm/ml 

Hubbard 

Bottle 

Gay-Lussac 

Bottle 

Difference 

Average 

76 

0.920 

0.920 

0 

0.920 

100 

0.916 

0.915 

+0.001 

0.916 

200 

0.8/3 

0.873 

0 

0.873 

300 

0.855 

0.834 

+0.001 

0.835 

400 

0.796 

0.796 

+0:00? 

0.797 

450 

0.780 

0.777 

+0.003 

0.779 

TABUS  XXIV 


DENSITY  OF  GT0-885  TYPE  MIL-L-9236  FLUID  AT  OWE 
ATMOSPHERE  AS  A  FUNCTION  OF  TEMPERATURE 


Density,  gm/ml 


Temperature 

Lmrl 

Hubbard 

Bottle 

Gay-Lussac 

Bottle 

Difference 

Average 

76 

0.959 

0.959 

0 

0.959 

100 

0.953 

0.953 

0 

0.953 

200 

0.912 

0.912 

0 

0.912 

300 

0.871 

0.871 

0 

0.871 

400 

0.831 

0.829 

+0.002 

0.830 

450 

0.811 

0.808 

+0.003 

0.810 

DENSITY  OF  0-67-7 

TABLE  XXV 

TYPE  MIL-L-7806P  FLUID  AT  ONE 

Density, 

gm/ml 

Temperature 

C-r) 

Hubbard 

Bottle 

Gay-Lussac 

Bottle 

Difference 

Average 

76 

0.921 

0.921 

0 

0.921 

100 

0.912 

0.913 

-0.001 

0.913 

200 

0.875 

0.870 

+0.005 

0.873 

300 

0.638 

0.838 

0 

0.838 

400 

0.797 

0.795 

+0.002 

0.796 

450 

0.774 

0.772 

+0.002 

0.773 
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TABIE  XXVI 


Temperature 
(°F).  . 

DENSITY  OF  0-67 

-20  TYPE  MIL-L-7808G  FLUID  AT  ONE 

ATMOSPHERE  AS  A  FUNCTION  OF  TEMPERATURE 

Density,  gm/ml 

Hubbard 

Bottle 

Gay-Lussac 

Bottle 

Difference 

Average 

76 

0.945 

0.945 

0 

0.945 

100 

0.937 

0.938 

-0.001 

0.93e 

200 

0.89S 

0.899 

0 

0.899 

300 

0.858 

0.857 

+0.001 

0.858 

400 

0.817 

0.816 

+0.001 

0.817 

450 

0.796 

0.793 

+0.003 

0.795 

TABIE  XXVII 

DENSITY  CF  0-64-25  TYPE  MXL-L-23699  FLUID  AT  ONE 

ATMOSPHERE  AS  A  FUNCTION  OF  TEMPERATURE 


Density,  gm/ml 


Temperature 

(8F) 

Hubbard 

Bottle 

Gay-Lussac 

Bottle 

Difference 

Average 

76 

1.000 

0.997 

+0.003 

0.999 

100 

0.992 

0.991 

+0.001 

0.992 

200 

0.952 

0.951 

+0.001 

0.952 

300 

0.911 

0.910 

+0.001 

0.911 

400 

0.867 

0.866 

+0.001 

0.867 

450 

0.847 

0.846 

+0.001 

0.847 
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TABI£  XXVIII 


DENSITY  OF  0-66-25  FLUID  AT  ONE 
ATMOf  AS  A  PUHCTIOB  Q?  TEMPERATURE 


Penalty,  gm/ml 


Temperature 

Hubbard 

Gay-Luaaac 

m 

Bottle 

Bottle 

Difference 

76 

0.933 

0.933 

0 

100 

0.925 

0.924 

+0.001 

200 

0.886 

0.886 

0 

300 

0.849 

0.847 

+0.002 

400 

0.809 

0.806 

+0.003 

450 

0.787 

0.784 

+0.003 

TABIE  XXIX 

DENSITY  <F  BIS  (2-ETHYL  HEXYL)  SZBACATE*  AT  ONE 

ATMOSPHERE  AS  A  FUNCTION  OP  TEMPERATURE 


Penalty,  gm/ml 


Temperature 

Hubbard 

Gay-Luaaac 

Cf) 

Bottle 

Bottle 

Difference 

76 

0.911 

0.911 

0.0 

100 

0.904 

0.903 

+0.001 

200 

0.864 

C.864 

0.0 

300 

0.826 

0.825 

+0.001 

400 

0.785 

0.784 

+0.001 

450 

0.766 

0.763 

+0.003 

*  Plexol  201  H, 

Lot  LI -3614, 

PL-5159. 

Average 

0.933 

0.925 

0.886 

0.848 

0.308 

0.786 


Average 

0.S11 

0.904 

0.864 

0.826 

0.765 

0.765 


F.  Results  of  Experimental  and  Analytical  Vert 


All  planned  pressure- viscosity  work  with  the  diester  bis (2- ethyl 
hexyl)sebacate,  the  5P4E  polyphenyl  ether  (F-1041) ,  end  the  7-50  chlorinated 
phenyl  methyl  silicone  (0-64-4)  has  been  completed,  in  addition,  the  data 
previously  reported  in  AJML-TR-67-8,  Part  H  (Ref.  11)  for  an  ester  of  IMP 
(MLO-60-50)  have  been  recompiled  to  take  advantage  of  the  latest  analytical 
techniques . 

Hie  measured  value c  of  the  densities  of  the  four  test  fluids  at  ele¬ 
vated  temperatures  and  pressures  are  listed  In  'fable  XXX.  The  three  sepa¬ 
rate  determinations  for  bls(2-ethyl  hexyl) setae ate  at  100 aF  demonstrated 
good  repeatability.  Data  listed  on  Table  XXX  vere  plotted,  best  fit  work¬ 
ing  curves  vere  drawn,  and  the  density  values  used  in  subsequent  calcula¬ 
tions  and  tabulations  were  read  from  these  curves. 

The  values  of  bulk  modulus  tabulated  In  the  tables  of  properties  for 
each  test  fluid  should  be  considered  as  approximations  only.  The  equation 
used  In  calculating  the  isotheraal  secant  bulk  modulus  using  data  from  the 
high  pressure  viscometer  reduces  to 

when  atmoepheric  pressure  (0  pslg)  Is  taken  as  the  initial  pressure,  P0  , 
and  p  Is  the  density  of  the  test  fluid.  As  can  be  seen,  bulk  modulus 
calculations  will  be  extremely  sensitive  to  the  accuracy  of  the  density 
determinations .  Pressure,  P  ,  is  a  very  large  number  (magnitude  of  10*  to 
105)  arrt  the  term  [l-( p0/p)]  will  be  very  small  (magnitude  of  10" 1  to 
10*5).  For  example,  an  error  of  0.2  percent  (roughly  t  0.002  gm/ml)  In  the 
determination  of  p^  could  be  expected  to  result  In  an  error  larger  than 
10  percent  In  bulk  modulus  at  10,000  psl. 

1.  Bis (2- ethyl  hexyl )sebacate;  The  good  agreement  of  data  generated 
at  100*  and  210*7  for  an  additive- free  bis( 2-ethyl  hexyl )aebecate  vitn  data 
available  In  the  literature  (Refs.  10,  12  and  13)  tends  to  establish  the 
validity  of  pressure- viscosity  data  reported  in  subsequent  paragraphs  for 
other  fluids .  This  diester  is  one  of  the  few  fluids  for  which  cooperative 
data  from  aore  than  one  previous  investigation  ere  available. 

The  time- of- fall  of  the  visecoeter  weight  through  this  fluid  at  103'* 
and  210*7  ie  shown  in  Figure  26  as  s  function  of  pressure.  Experimental 
work  was  .sot  carried  to  the  freezing  pressure  of  this  diester  in  order  to 
conserve  the  apparatus.  The  computed  data  are  tabulated  on  Table  XXXI. 
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This  table  includes  all  the  property  data  available  from  the  pressure- 
viscosity  studies— Kinematic  viscosity  in  eentistokes,  absolute  viscosity 
in  centipoises,  isothermal  secant  bulk  modulus  in  psi,  and  density  and  spe¬ 
cific  volume  in  cgs  units.  These  data  are  tabulated  as  functions  of  temper¬ 
ature  and  pressure.  'J3ie  time- of- fall  of  the  weight  through  the  viscometer 
tube  is  also  listed.  Two  extra  absolute  viscosity  columns,  "roll  left"  and 
"roll  right",  were  included  to  indicate  the  minor  differences  in  measured 
viscosity  that  were  observed  as  the  falling  weight  traveled  from  one  end  of 
the  viscometer  tube  to  the  other  and  then  back  to  the  original  position. 

The  column  listing  "absolute  viscosity"  is  not  the  average  of  these  two 
"roll  left"  and  "roll  right"  viscosity  values  because  slightly  different 
falling  w~’.ght  "form  factors"  were  used  in  computing  the  date  in  the  three 
"absolute  viscosity"  columns— a  roll  left,  a  roll  right,  and  an  average  form 
factor . 

Comparisons  of  the  absolute  viscosity  and  density  data  determined  in 
this  work  with  those  reported  in  1955  by  the  ASME  (Ref .  10)  and  in  1968  by 
Novak  and  Winer  of  the  University  of  Michigan  (Refs.  12  and  15;  are  shown 
graphically  in  Figures  27  and  28.  The  curves  on  these  figures  were  drawn 
to  fit  the  ASME  data  points .  The  1-i.uid  for  the  ASME  study  was  supplied  by 
the  Naval  Research  Laboratory  and  the  fluid  for  the  MPJ  and  University  of 
Michigan  determinations  was  supplied  by  Rohm  and  Haas  under  the  rade  name 
Plexol  201H  (Lot  21-5614,  FL-5159). 

The  absolute  viscosity  data  for  all  three  studies  are  in  excellent 
agreement.  There  are  some  differences  in  density  data.  Novak  reported 
(Ref.  15)  that  the  density  "at  ell  -‘-emperatures  and  pressures  was  determined 
from  bulk  modulus  correlations"  and  referenced,  without  elaboration,  a 
paper  by  Wright  and  anotb  by  Tichy  and  Winer  (Refs.  14  and  15).  These 
papers  develop  methods  for  predicting  the  bulk,  moduli  and  densities  of 
petroleum  oils  (Ref.  14)  and  silicone  fluids  (Ref.  15)  at  very  high  pres¬ 
sures  and  a  wide  range  of  temperatures.  Both  used,  in  part,  data  from  the 
ASME  Pressure-Viscosity  Report  (Ref.  10 )  in  developing  their  predictions. 

The  only  data  generally  required  by  these  methods  to  estimate  bulk  moduli 
and  density  are  the  density  of  the  fluids  of  interest  at  atmospheric  pressure 
and  77°F.  Details  of  the  adaptation  of  these  procedures  for  petroleum  oils 
and  silicones  to  density  determinations  for  the  synthetic  fluid  bis( 2-ethyl 
hexyl )sebacate  are  not  clear.  At  any  rate,  the  absolute  viscosity  data  of 
Novak  and  Winer  were  not  influenced  because  the  density  data  were  used  by 
them  only  to  determine  kinematic  viscosity. 

2.  F-1041  polyphenyl  ether  (5P4E);  Scheduled  pressure-viscosity  work 

with  F-1041  has  been  completed.  The  time-of-fail  of  the  viscometer  weight, 
through  this  fluid  at  100°,  210°,  and  300 °F  is  shown  in  Figure  29  as  a 
function  of  pressure.  Tt  will  be  noted  that  only  one  point  appears  at  100 °F. 
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ABSOLUTE  VISCOSITY,  CENTIPOISES 


* 


PRESSURE,  THOUSANDS  OF  PSIG 

Figure  27  -  Comparison  of  Absolute  Viscosity-pressure  Data 

for  Bis(2-ethyl  hexyl )sebacate 
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Figure  ?8  -  Comparison  cf  Density -Pressure  Data  for  Bi«( 2-ethyl  hexyl) setacate 
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Figure  29  -  Viscometer  Weight  Fali-Tia*  as  a  Function  of  Temperature 
and  Presaure  for  F-1041  (a  5P4E  Polypheny 1  Ether) 
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At  10,000  pfilg  and  100*7,  the  7-1041  became  very  viscous  and  the  time- of  - 
fall  noted  (979.2  sec.)  vas  longer  than  is  practical  to  measure.  The  data 
shown  graphically  In  Figure  29  vere  used,  vlth  data  generated  with  the  com¬ 
pressibility  apparatus  and  several  parameters  of  the  high  pressure  viscom¬ 
eter,  to  compute  the  data  shown  In  Table  XXXII.  It  will  be  noted  that,  at 
each  temperature  level,  experimental  work  vas  stopped  before  the  test  fluid 
became  a  solid  or  reached  the  probable  pour  point. 

More  work  is  planned  regarding  the  comparison  of  the  data  for  F-1041 
vlth  any  available  data  for  fluids  of  similar  composition. 

3.  0-64-4  Type  7-50  chlorinated  phenyl  methyl  silicone;  All  sched¬ 
uled  pressure  viscosity  work  vlth  0-64-4  has  been  completed.  The  time- of - 
fall  of  the  viscometer  veight  through  this  fluid  at  68*,  77°,  100°,  210*, 
and  300*7  Is  shewn  In  Figure  30  as  a  function  of  pressure. 

Following  the  same  procedures  Indicated  in  the  preceding  discussions, 
the  output  of  the  experimental  pressure- viscosity  studies  of  0-64-4  silicone 
vas  confuted  and  Is  tabulated  on  Table  XXXIII.  These  data  have  not  yet  been 
coopered  vlth  other  data  available  for  similar  fluids. 

4.  HLO- 60-50  esterof  IMP:  Viscosity  and  density  data  for  MLO-60-50 
at  high  pressures  vers  previously  reported  In  APML-TR-67-8,  Part  n  (Ref. 

11) .  The  experimental  data  for  this  fluid  vere  reduced  again  using  the  Im¬ 
proved  and  expanded  data  handllvig  techniques  developed  during  the  past  year. 
Results  of  the  recalculations  are  tabulated  in  Table  XXXIV.  Comparison  of 
the  absolute  viscosity  data  of  Table  VII  on  page  25  of  Ref.  11  vith  that  of 
Table  XXXIV  shows  minor  differences  (3.9  percent  average).  A  similar  com- 
parlaon  of  denaity  data  of  Table  V,  page  20  of  Ref.  11,  vith  that  of  Table 
XXXIV  also  shews  no  major  discrepancies  (1.2  percent  average).  The  primary 
reasons  these  differences  exist  are  that  (1)  viscometer  veight  fall- times  of 
lesa  than  1  aec.  through  calibrating  fluids  are  no  longer  considered  In 
calculating  the  veight  form  factors  because  of  the  relatively  large  value 
of  the  corrections  that  must  be  applied,  and  (2)  the  density  data  are  now 
smoothed  before  analytical  viscosity  work  la  started.  The  MLO-60-50  data 
reported  here  are  considered  to  be  of  greater  accuracy  than  those  reported 
in  AFS4L-TE-67-8,  Part  II  (Ref.  11).  However,  the  overall  precision  of 
these  data  is  probably  leas  than  that  for  the  three  other  test  fluids  dis¬ 
cussed  in  this  report  because  (1)  experimental  procedures  were  still  being 
refined  whan  the  MLO-60-50  data  vere  taken,  and  (2)  density  dec a  at  ele¬ 
vated  pressures  and  taaq>eraturea  other  than  100*7  vere  estimated  (pages  18 
and  19  of  Ref.  11). 
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Figure  50  -  Vlscaoeter  Weight  fall-Tiae  as  a  function  of  Temperature  and 
Pressure  for  0-64-4  ( f -50  Chlorinated  Phenyl 
Methyl  Silicone) 
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TABLE  XXXIV  (Concludmd) 


G.  Bibliography  of  Pressure-Viscosity  Work 


During  the  process  of  determining  that  the  diester  bis(2-ethyl  hexyl) 
sebacate  would  be  one  of  the  better  fluids  for  us  to  study  in  order  to 
compare  our  pressure-viscosity  data  with  that  produced  by  previous  investi¬ 
gators,  numerous  pertinent  references  were  found.  These  references  are 
listed  in  Appendix  II. 


85 


Aitfe**'*'"- 


-- ■'  t  *rr  ■ 


REFERENCES 


1.  Hopkins,  V.,  A.  D.  St.  John,  and  D.  R.  Wilson,  "Effects  of  Extreme 

Environments  on  the  Behavior  of  Fluids  and  Lubricants, *’  ML-TDR-64-12, 
Fart  I,  February  1964. 

2.  Hopkins,  V.,  and  0.  R.  Wilson,  "Effects  of  Extreme  Environments  on  the 

Behavior  of  Fluids  and  Lubricants,"  ML-TDR-64-12,  Part  II,  February 
1965. 

5.  Wilson,  D.  R.  et  al. ,  "Effect  of  Extreme  Conditions  on  the  Behavior  of 
Lubricants  and  Fluids,"  AFML-TR-67 -8 ,  Part  I,  January  1967. 

4.  Hopkins,  V.,  A.  D.  St.  John,  and  D.  R.  Wilson,  "Lubrication  Behavior 

and  Chemical  Degradation  Characteristics  of  Experimental  High  Tempera¬ 
ture  Fluids  and  Lubricants,"  WADD-TR-60-855,  Part  III,  January  1963. 

5.  Hopkins,  V.,  D.  R.  Wilson  and  C.  Bolze,  "Isothermal  Secant  and  Tangent 

Bulk  Modulus  of  Selected  Hydraulic -Type  Fluids  to  750° F  and  10,000 
psig,"  ASD-TDR-63-539,  July  1963. 

6.  Hopkins,  V.,  D.  a.  Wilson,  and  C.  Bolze,  "Isothermal  Bulk  Modulus  of 

Selected  Fluids  to  700*F  and  10,000  psig,"  Journal  of  Basic  Enarlneer- 
September  1964. 

7.  Hopkins,  V.,  and  A.  D.  St.  John,  "Develojnent  of  Evaluation  Techniques 

for  Determination  of  the  Lubricity  and  Stability  of  New  High  Temperature 
Lubricants  and  Hydraulic  Fluids,"  WADC-TR-58-297,  Parts  I,  II  and  III; 
May  1969,  May  1959,  and  February  1960. 

8.  Hopkins,  V.,  "Modification  of  Shell  Four-Ball  Wear  Tester  for  800*F 

Operation  and  Development  of  a  Lubricant  Evaluation  Technique,"  WADC-TR- 
59-46,  June  1959. 

9.  Wilson,  D.  R.  et  al.,  "Effect,  of  Extreme  Environments  on  the  Behavior 

of  Fluid*  and  Lubricants,"  KL-TDR-64-12,  Part  III,  February  1966. 

10.  Viscosity  and  Density  of  Over  40  Lubricating  Fluids  of  Known  Composition 
at  Pressures  to  150,000  psi  aal  Temperatures  to  425*F,"  ASME, 

(1963). 


11.  Wilson,  D.  R.  et  al.,  "Effect  of  Ertreme  Conditions  on  the  Behavior  of 
Lubricants  and  Fluids,"  AJML-TR-67-8,  Part  II,  February  1968. 


12.  Novak,  J.  D. ,  and  W.  0.  Winer,  "Some  Measurements  of  High  Pressure 

Lubricant  Rheology, "  presented  at  the  ASME-ASLE,  AS1M  Symposium  on 
Lubrication  and  Lubricant  Rheology,  Atm  Arbor,  Michigan,  March  18-20, 
1968,  ASME  Paper  No.  68-L  Rh-1. 

13.  Novak,  John  David,  "An  Experimental  Investigation  of  the  Combined 

Effects  of  Pressure,  Temperature,  and  Shear  Stress  Upon  Viscosity," 
University  of  Michigan,  Ph.D.  dissertation,  1968. 

14.  Wright,'.  W.  A.,  "Prediction  of  Bulk  Moduli  and  Pressure-Volume- 

Temperature  Data  for  Petroleum  Oils,"  ASLE  Transactions,  Vol.  10, 
349-556,  1967. 

15.  Tichy,  J.  A.,  and  W.  0.  Winer,  "A  Correlation  of  Bulk  Moduli  and  P-V-T 

Data  for  Silicone  Fluids  at  Pressures  up  to  500,000  psig,"  ASLE 
Transactions,  Vol.  11,  338-344,  1968. 


87 


APPESmX  I 


LOGIC  OP  HIGH  PRESSURE  VISCOMETER  COMPUTER  PROGRAM 


The  min  cce^mter  program  for  reduction  of  the  data  obtained  from  the 
High  Pressure  Viscometer  Is  written  In  PORTRAIT  IV  programing  language  for 
use  on  an  IBM  Series  560  Computer  with  Disk  Operating  System.  Tbe  program 
Is  actually  a  combination  of  three  program;  (a)  a  statistical  subprogram 
for  averaging  weight  fall- times,  (b)  a  calibration  program  for  calculating 
falling  weight  form  factors,  and  (c)  e  computation  program  for  calculating 
viscosity  and  other  data  for  each  conciliation  of  pressure  and  temperature . 

1*  Statistical  subprogram:  The  statistical  subprogram  converts  the 
weight  fall  counts  to  seconds  and  computes  the  average.  The  program  la 
constructed  to  read  11  data  cards  each  time  It  la  called  upon.  Each  data 
card  has  two  fall  counts- -one  for  roll  left  and  one  for  roll  right..  At 
least  one  value  of  each  must  be  nonzero,  must  be  the  first  value  read, 
zero's  must  be  entered  for  missing  fall  counts.  After  reading  the  fall 
counts,  the  subprogram  operates  in  the  following  manner: 

a.  All  nonzero  fall  counts  axe  converted  to  seconds  and  averaged. 

b.  The  fall- time  with  tee  greatest  deviation  from  the  average 
la  determined  and  compared  to  a  preselected  time  limit  (f  5  percent  of  the 
average) . 


c.  If  the  deviation  does  not  exceed  the  limit,  the  average  fall¬ 
time  la"  returned  to  the  main  program. 

d.  If  the  deviation  exceeds  the  limit,  that  fall- time  is  dis¬ 
carded  and  steps  a  and  b  are  repeated  until  a  maximum  deviation  is  found 
which  does  not  exceed  the  time  limit. 

e.  In  step  d,  if  the  number  of  discarded  fall- times  exceeds 

one- third  the  number  cf  original  nonzero  fall- times ,  the  data  are  considered 
scattered  and  a  fall-time  of  0  sec.  is  returned  to  the  main  program. 

2.  Form  factor  calibration:  Tbe  form  factor  calibration  section 
computes  an  average  falling  weight  form  factor  for  roll  left  and  for  roll 
right  and  also  an  average  cf  the  two.  The  density-viscosity  properties  of 
the  HBB  calibration  fluids  are  knevn  and  read  into  the  program.  Roll  left 
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and  roll  right  fall- times  are  averaged  and  the  average  of  the  averages  la 
taken.  She  three  for*  factors  (roll  left,  roll  right,  average)  are  then 
computed,  stored  for  further  use,  and  are  also  printed  out  in  a  fox*  suit¬ 
able  for  reproduction. 

S.  Preasure-teaperature  data:  This  portion  of  the  program  calculates 
the  weight  fall- time,  absolute  viscosity  (roll  right,  roll  left,  average), 
kinematic  viscosity,  Isothermal  secant  bulk  modulus,  and  specific  volume 
at  given  temperatures  and  pressures.  The  program  operates  in  the  following 
manner: 


a.  A  given  temperature,  pressure,  and  density  are  read. 

b.  Tall  counts  at  the  given  temperature  and  pressure  are  read, 
converted,  averaged,  and  fall-tine  roll  left,  fall  time  roll  right,  and 
fall- tins  average  are  calculated. 

c.  Absolute  viscosity  for  roll  right,  roll  left,  and  average 
are  calculated  for  the  given  temperature  and  pressure. 

d.  Kinematic  viscosity  is  calculated  for  the  given  temperature 
and  pressure. 


e.  Specific  volisae  and  bulk  modulus  are  calculated  for  the  given 
temperature  and  pressure. 

Steps  a  -  e  are  repeated  for  each  combination  of  temperature  and  pressure. 

f.  Pressure,  temperature,  fall-time,  density,  the  three  absolute 
viscosities,  kinematic  viscosity,  bulk  modulus,  and  specific  volume  are 
printed  out  in  a  form  suitable  for  reproduction. 

g.  Pressure,  temperature,  fall-time,  density,  absolute  viscosity 
average,  kinematic  viscosity,  and  bulk  modulus  arc  punched  onto  data  cards. 
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1  3  .  ABSTRACT  o 

Four  shear/thermal  stability  pump  loop  experiments  were  conducted  between  400 
and  600°F  with  XF-1-0301  fluoro silicone .  This  fluid  is  reasonably  stable  up  to  450°F 
will  form  solids  without  appreciable  property  changes  at  500°F,  and  will  undergo 
physical  property  changes  when  used  at  600°F .  XF-1-0301  satisfactorily  lubricated  an 

aircraft -type  piston  pump  at  400oF  but  permitted  excessive  wear  at  500°F . 

The  bulk  modulus  of  XF-1-0301  was  determined  to  450°F  and  10,000  psig.  In 
general,  the  isothermal  secant  bulk  modulus  for  this  fluid  is  higher  than  a  polymeric 
perfluorinated  fluid  and  a  chlorinated  phenyl  methyl  silicone,  about  the  same  as 
ML0-8200  disiloxane  and  a  phenyl  methyl  silicone,  and  lower  than  the  bulk  moduli  of 
petroleum  base  fluids,  an  ester  of  TMP,  a  silane,  and  a  5P4E  polyphenyl  ether. 

Comparative  four-ball  tests  were  run  at  400'"F  with  XF-1-0301,  a  polymeric  per- 
fluorirated  fluid,  a  deep  dewaxed  mineral  oil,  and  chlorinated  and  unchlorinated 
phenyl  methyl  silicones.  In  adiition,  new  and  used  fluids,  other  uhan  the  silicones, 
were' also  studied.  The  tests  indicated  that  at  400°F  the  XF-1-0301  fluid  will  have 
lubricating  characteristics  similar  to  the  polymeric  perfluorinated  fluid  and  the 
deep  dewaxed  mineral  oil  and  superior  to  the  silicones.  There  v.as  no  great  dif¬ 
ference  in  the  results  of  the  tests  run  in  new  fluids  and  those  run  in  fluids  which 
had  been  used  in  pump  loop  experiments.  (Continued) 
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13.  ABSTRACT  (Concluded) 

Fabrication  of  a  high  vacuum  simulated  hearing  wear  rig  was  completed. 
This  rig  will  be  used  in  existing  vacuum  systems  to  evaluate,  primarily, 
solid  lubricants  to  1500 °F. 

Pressure-viscosity  data  for  the  diester  bis(2-ethyl  hexyl )sebacate 
were  determined  to  90,000  psig  at  100 “F  and  to  140,000  psig  at  210 ’F. 
Agreement  of  these  data  with  those  of  previous  investigators  is  good.  In 
addition,  the  viscosity  and  density  of  two  fluids,  a  5P4E  polyphenyl  ether 
and  a  chlorinated  phenyl  methyl  silicone,  were  determined  to  300  “F.  The 
maximum  pressure  of  the  work  with  the  polyphenyl  ether  was  70,000  psig  and 
the  maximum  pressure  of  the  work  with  the  silicone  was  90,000  psig.  Both 
fluids  became  too  viscous  for  higher  pressure  work.  *'*" 
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prior  approval  of  Fluid  and  Lubricant  Materials  Branch,  MANL,  NonmetaHic 
Materials  Division,  Air  Force  Materials  Laboratory,  Wright-Patterson  AFB, 
Ohio  45433.) 
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